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ABSTRACT
DIRECT AND INDIRECT CONTROLS ON BEE COMMUNITY COMPOSITION

by
Caroline Marie DeVan
Bees are important pollinators, critical for the continued survival of plants in both natural
and agricultural ecosystems. Diverse bee communities have been shown to increase
richness in plant communities and plant reproduction depends upon bee community
richness. Yet there is growing concern that pollinators, especially bees, are declining
globally. This dissertation focuses on evaluating the mechanisms responsible for bee
community composition in order to promote bee conservation in natural systems and their
restoration in human-dominated urban and agricultural landscapes.
Bee populations are impacted directly by three things: floral resources, nesting
resources and risk, primarily from natural enemies. Bees are indirectly affected by
abiotic factors, like climate, that influence both their behavior and the resources
available. Relationships between bees and their floral resources have received the most
attention, providing evidence of floral resources structuring bee communities and
controlling bee population dynamics. The first investigation described in this dissertation
determines the universality of this relationship through a meta-analysis of the effects of
plant community composition on bee community composition.
The second and third investigations described in this dissertation focus on the
management of two species of cavity nesting bees, Osmia cornifrons and O. taurus, in
terms of their utilization of artificial nesting substrate (Chapter 3) and the influence of
temperature on their emergence timing (Chapter 4). This information is useful whether

they need to be managed for their pollination services or to reduce their impacts as nonnative species. The overall aim of this dissertation work is to promote bee restoration and
conservation by adding to the understanding of the roles of both direct and indirect
controls on bee community composition.
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CHAPTER 1
INTRODUCTION

1.1 Objective
The aim of my dissertation work is to promote bee restoration and conservation by
adding to the understanding of the roles of both direct and indirect controls on bee
community composition. My first chapter uses a meta-analytical approach to determine
the relationship between plant diversity and pollinator diversity at the global scale. My
second chapter explores the factors that influence the usage of artificial nesting substrate
by wild bees. Finally, in my third chapter, I experimentally determine the influence of
temperature on the emergence timing of bees which provides insight into potential
impacts of climate change on wild bees.

1.2 Importance of Pollinators
Insect pollinators are critical for the continued survival of plants in both natural and
agricultural ecosystems (National Research Council 2006, Klein et al. 2007, Thomann et
al. 2013). The majority of all flowering plants are dependent on biotic pollination for
reproduction. Ollerton et al. (2011) estimates that 308,006 angiosperm species (87.5% of
all angiosperm species) utilize animal pollination. This ranges from 78% of all plants in
temperate regions to 94% of all plants in tropical regions (Ollerton et al. 2011).
Therefore, loss of pollinators increases pollen limitation and reduces the reproductive
success for many plant species, potentially resulting in extinction of natural populations
(Thomann et al. 2013). Pollination services also indirectly influence food sources for
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other, frugivorous animals, including humans and impact the habitat of many other
animals (Ollerton et al. 2011; Thomann et al. 2013). Of the world’s leading crops, over
75% depend on animal pollination (Klein et al. 2007, Winfree 2008). The economic
value of pollination is estimated to be around $316 billion globally (Lautenbach et al.
2012) and pollinators are valued for non-economic reasons including aesthetics, their role
in contributing to diverse wildflower communities (Hanley et al. 2015), and to human
nutrition (Eilers et al. 2011).
The honey bee (Apis mellifera) is the world’s primary managed pollinator and is
declining in many parts of the globe due to the spread of Varroa mites and other
pathogens, which can lead to Colony Collapse Disorder (CCD), as well as impacts from
pesticides and reduced nutritional diversity (Kluser and Peduzzi 2007, vanEnglesdorp et
al. 2010, Goulson et al. 2015, Sandhu et al. 2016). Managed honey bee decline is of huge
concern worldwide due to its implications for agricultural production. However, recent
studies indicate that non-managed pollinators, especially wild bees, are effective
pollinators for a wide variety of crops, often providing pollination services equal to or
greater than those of the managed honey bee A. mellifera (Kremen et al. 2002, Greenleaf
and Kremen 2006, Winfree et al. 2007, Winfree et al. 2008, Brittain et al. 2013a, Brittain
et al. 2013b, Garibaldi et al. 2013).
Diverse bee communities have been shown to increase richness in plant
communities and plant reproduction depends upon bee community richness (Fontaine et
al. 2006, Perfectti et al. 2009). Yet there is growing evidence that many wild, unmanaged
pollinators, especially bees and butterflies, are also declining globally (Thomas and
Abery 1995, Kearns et al. 1998. Maes and Van Dyck 2001, Thomas et al. 2004,
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Biesmeijer et al. 2006, Colla and Packer 2008, Goulson et al. 2008, Van Dyck et al.
2009, Potts et al. 2010, Cameron et al. 2011, Bommarco et al. 2012, Bartomeus et al.
2013a, Burkle et al. 2013, Fox 2013, Dirzo et al. 2014, Goulson et al. 2015, Koh et al.
2016). These declines stem from human activity, primarily habitat loss and resulting
fragmentation, increasing pesticide use, reduction in quality and quantity of floral
resources, introduction of alien species, high pathogen loads, and climate change – all of
which are often occurring in concert with other factors, increasing their impacts through
interactions (Goulson et al. 2008, Winfree et al. 2009, Potts et al. 2010, Winfree 2010,
Vanbergen et al. 2013, Goulson et al. 2015).

1.3 Floral Resources Greatly Impact Bee Communities
An understanding of the mechanisms responsible for bee community composition is
crucial for their conservation in natural systems and their restoration in human-dominated
urban and agricultural landscapes (Dixon 2009, Roulston and Goodell 2011).

Bee

populations are impacted directly by three things: floral resources, nesting resources and
risk, primarily from natural enemies (Roulston and Goodell 2011).

Relationships

between bees and their floral resources have received the most attention, providing
evidence of floral resources structuring bee communities and controlling bee population
dynamics (Potts et al. 2003b, Williams and Kremen 2007, Roulston and Goodell 2011).
Although many plant-pollinator relationships are generalized, bees are often limited in
space and time by available resources; which vary in richness, abundance and phenology
(Waser et al. 1996, Bosch et al. 1997). Bees are also limited in food choice by their own
physiology and morphology (Stang et al. 2009, Zurbuchen et al. 2010).
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Pollinator restoration studies often focus on the importance of plant communities
to the composition of bees and other pollinator studies. Therefore, my first chapter
considers the generality of such claims through a meta-analytic approach that considers
how richness of plants influences the richness of pollinators in ecosystems across the
globe. Through this work, I have found that although plant richness does have a positive
correlation to pollinator richness, it does not fully explain the patterns of bee biodiversity
seen around the world nor local community composition. This is likely because bee
populations are also influenced by other factors including nesting resources and risk,
primarily from natural enemies (Roulston and Goodell 2011).

1.4 Bees as Potential Invasive Species
Although bees are generally considered to be positive actors in their ecosystems, there is
an increasing number of bees that have been introduced to new ecosystems and in some
cases, could be considered invasive species. My middle and last chapters focus on two
non-native bee species, Osmia taurus and O. cornifrons that have become naturalized
across the eastern seaboard. In these chapters I seek to determine how these bees may be
influenced by the introduction of artificial nesting substrate and increasing temperatures
due to climate change.
Invasive species are considered a major environmental problem (but see Davis et
al. 2012) and a leading cause of biodiversity loss due to extinctions (Clavero and GarcíaBerthou 2005, Pimental et al. 2005). Economic costs of invasive species in the United
States alone have been estimated at $120 billion per year (Pimentel et al. 2005).
However, it is also possible that some invasive species may provide beneficial ecosystem
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services or support native organisms. And not all non-native species are created equal:
some non-native species do not become invasive, do not spread and remain at low
abundances (Sakai et al. 2001, Schlaepfer et al. 2011, Davis et al. 2012).
Because of their pollination services and the honey provisioning from Apis
mellifera (honey bees), the public considers most bees to be beneficial insects. This has
led to the intentional introduction of non-native bees into new ecosystems for pollination
purposes (e.g., A. mellifera, Megachile rotundata, Osmia cornifrons, and multiple
bumblebee species like Bombus terrestris and B. ruderatus). In North America, of the 23
present non-native species, it is estimated that only 0.5% of bee species introductions
were accidental (Ascher 2001, Cane 2003, Sheffield et al. 2011). The impacts of these
introductions are of concern because although bees can provide pollination services,
many studies have found negative effects from non-native bee introductions, with many
species spreading beyond their introduced ranges (Goulson 2003).
Non-native bees have been documented to negatively impact native plants
through decreased pollination efficiency, reduced visitation rates and changing pollen
transport patterns. Such effects can reduce fitness of individual plants and change the
genetic structure of populations. These impacts arise due to differences in the behaviors
and morphologies of introduced species when compared to native pollinators which are
more likely to have evolved in tandem with their floral hosts and have greater
correspondence in morphology, behavior and phenology (Goulson 2003, Dohzono and
Yokoyama 2010, Traveset and Richardson 2011, Goulson and Hughes 2015). Nonnative bees, through competition with native bees, may also reduce the overall floral
visitation rate to native plants if they either reduce native bee population abundances or
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directly prevent visitation by native bees (Aizen et al. 2008, Dohzono et al. 2008,
Dohzono and Yokoyama 2010, Santos et al. 2012, Aizen et al. 2014, Sanguinetti and
Bustos Singer 2014). Introduced bees may also harm plants indirectly via provisioning
of pollination services to non-native plants (Goulson 2003, Barthell et al. 2001, Liu and
Pemberton 2009, Aizen et al. 2014).
Invasive bees may have negative impacts on native bees through competition for
nesting and floral resources, spread of parasites and pathogens, and hybridization
resulting in reproductive disruptions (Hansen et al. 2002, Goulson 2003, Park et al. 2009,
Dohzono and Yokoyama 2010, Santos et al. 2012, Morales et al. 2013, Sanguinetti and
Bustos Singer 2014, Hedtke et al. 2015). These impacts are more likely to occur between
closely related species and those species that are most similar to the non-native bee
species in morphology, ecological niche or behavior (Thomson 2004, Ings et al. 2006,
Dohzono and Yokoyama 2010, Goulson 2010, Morales et al. 2013).
North America is experiencing an increase in the number of non-native bees
introduced over the past few decades and the impacts of these introductions are only
beginning to be explored (e.g., Anthidium manicatum - Gibbs and Sheffield 2009). The
ecological effects of these non-native bees in their introduced range is generally
unknown. As described above, many studies indicate that that non-native bees generally
have negative effects on native pollinators and plants. However, when floral resources
are abundant and native bee communities are flexible in their foraging behaviors there
may be little competition with invasive bees (Roubik and Villanueva-Gutierrez 2009).
Furthermore, in select cases some non-native bees have been found to benefit native
plants, providing efficient pollination services and increasing plant reproductive success,
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especially in light of declining native pollinator species (e.g., Junker et al. 2010,
Sanguinetti and Bustos Singer 2014). It may also be that super-generalist non-native bees
could provide resilience to plant-pollinator interaction webs in the face of disturbance and
other environmental changes (Schlaepfer et al. 2011, Traveset et al. 2013).

1.5 Osmia cornifrons and O. taurus
1.5.1 Introduction of Osmia cornifrons and O. taurus to the United States
Osmia cornifrons was introduced to the United States in 1977 from Japan for managed
pollination of fruit trees (Batra 1979, Abel and Wilson 1999, Goulson 2003), but has
since escaped quarantine and spread across eastern North America with isolated
populations in the Western US as well (Figure 1.1). O. taurus was unintentionally
introduced to the US from Japan, likely at the same time as O. cornifrons (the two species
look incredibly similar and are almost cryptic species) (Ascher 2001). O. taurus has also
since spread across a similar range as O. cornifrons (Figure 1.1). Although O. cornifrons
has been studied in both its native range (Miyamoto 1959, Sugiura and Maeta 1989, Kim
et al. 2008, Matsumoto et al. 2009, Yoon et al. 2009, Ahn et al. 2014, Lee et al. 2015,
Lee et al. 2016) and its introduced range (Abel and Wilson 1998, Wilson et al. 1999,
Bosch and Kemp 2002, White et al. 2009, McKinney and Park 2012, Hedtke et al. 2015),
there is very little information about O. taurus in either its introduced range or native
range (but see Miyamoto 1959, Jeong et al. 2009, Yoon et al. 2009).
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Figure 1.1 Both Osmia cornifrons and O. taurus have native ranges in north-eastern Asia
including China, Japan and Korea and introduced ranges in eastern North America, top:
O. cornifrons and bottom: O. taurus (left: native range, right: introduced range). These
maps are taken from DiscoverLife (http://www.discoverlife.org) and indicate specimens
in this database. They do not reflect the entire range of these species. Images taken 24
September 2016.

1.5.2 Natural History of Osmia cornifrons and O. taurus
O. cornifrons and O. taurus, are univoltine, solitary, cavity-nesting bees that nest in preexisting cavities found primarily in wood (Bosch et al. 2001). They will also nest in
artificial nesting substrate, including wooden nest boxes with holes drilled into them.
After emerging from her natal nest, a female Osmia mates and upon finding a suitable
cavity she founds her nest, lining it with mud. As solitary bees, Osmia females forage for
pollen and nectar alone and without assistance from other bees (Bosch et al. 2001,
McKinney and Park 2012). Both Osmia cornifrons and O. taurus are pollen generalists
(Haider et al. 2014), possibly with a preference for plants within the Rosaceae family
(Abel and Wilson 1999), and are active in spring (April to May) in both introduced and
native ranges (Miyamoto 1959, C. DeVan, pers. obs.). An Osmia female provisions each
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individual egg with a pollen and nectar ball within its own cell, sealed off with mud
(Bosch et al. 2001, McKinney and Park 2012). The size of the provision determines the
size of the offspring as an adult, with female offspring generally being larger than males,
and situated toward the back of the nest. Studies of O. cornifrons and related Osmia
species have found that females can determine the sex of their young (Sugiura and Maeta
1989, Bosch and Vicens 2006, Radmacher and Strohm 2010). Each nest has between 8
to 22 cells (C. DeVan, pers. obs.) and one female can make more than one nest
depending on the longevity, fecundity, and foraging efficiency of the female within the
context of available floral resources and weather during the foraging season (Sugiura and
Maeta 1989, Bosch and Vicens 2006, Radmacher and Strohm 2010).
For successful reproduction, these Osmia species require appropriate floral and
nesting resources. Nesting resource availability has been found to influence the
abundance of cavity nesting species (Steffan-Dewenter and Schiele 2008, Vickruck and
Richards 2012) and overall bee community composition (Potts et al. 2005, Grundel et al.
2010). Appropriate nesting resources for cavity nesting bees are defined as holes of a
reasonable size relative to their body size in quality substrate with a source of nest lining
material (mud in the case of Osmia cornifrons and O. taurus) nearby (Morato and
Martins 2006, Cane et al. 2007, McKinney and Park 2012). Microclimate also influences
use of nesting resources (Everaars et al. 2011).
Furthermore, these nesting sites must have floral resources within their foraging
range (Morato and Martins 2006, Guedot et al. 2009, Zurbuchen et al. 2010). Other
studies have found floral resource availability has been a good predictor of nesting
abundance for cavity nesting bees (Gathmann et al. 1994, Tscharntke et al. 1998, Goodell

9

2003, Guisse and Miller 2011, Ebeling et al. 2012). As pollen generalists both O.
cornifrons and O. taurus are able to utilize a range of plant hosts, although there is some
indication that they prefer plants in the Rosaceae family (Abel and Wilson 1999).

1.5.3 Osmia cornifrons and O. taurus in New Jersey
Most previous studies focus on the pollination potential of Osmia cornifrons and O.
taurus and how to manage them for pollination purposes while little has been done to
determine what ecological factors might limit their spread. Both O. cornifrons and O.
taurus have demonstrated an ability to thrive in North America, including in central New
Jersey, therefore it is important to understand what factors may limit their population
sizes, in order to manage their potentially negative impacts on native ecosystems as well
as the pollination services they may provide.
In general, bee populations are limited by the quantity and quality of floral and
nesting resources as well as the presence of competitors and natural enemies (Murray et
al. 2009, Roulston and Goodell 2011). In my third chapter, I seek to determine what
factors influence the usage of artificial boxes by these two, non-native species. Recent
work suggests introduction of nesting resources can benefit non-native species over
native species (MacIvor and Packer 2015) and in my study site of Morristown, NJ, no
native species were found to use my artificial nest boxes. Understanding what factors
influence the usage of these nest boxes by O. cornifrons and O. taurus can help us better
understand how to manage both wild and cultivated populations.
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1.6 Climate Change Impacts on Spring Emergence of Bees
One of the most observable impacts of climate change on biological systems has been
modification of the phenology of both plants and animals (Walther et al. 2002, Parmesan
and Yohe 2003, Gordo and Sanz 2006, Parmesan 2006, Hegland et al. 2009). Phenology
is the seasonal timing of organismal life history events and is especially sensitive to
climatic variation.

Elements of climate, including temperature, act as triggers for

particular life stages in phenologically sensitive organisms (Menzel et al. 2006). As
average temperatures have increased over the past few decades in temperate regions
phenological shifts are being observed in plants and insects (Walther et al. 2002,
Parmesan and Yohe 2003, Gordo and Sanz 2006, Parmesan 2006, Thackeray et al. 2010;
Bartomeus et al. 2011).
My final study considers how earlier spring temperatures caused by climate
change may influence both O. cornifrons and O. taurus. They have successfully
expanded their range to large swaths of North America, and as their native range in Asia
has a similar climate, it seems they are in effect pre-adapted to their new home. O.
cornifrons has been shown to be phenologically sensitive (White et al. 2009), but little is
known about the emergence timing of O. taurus. The northeastern United States has
experienced an increase of 0.25°C per decade since the 1970s and is projected to increase
by around 3-5°C over the next 50-100 years (Hayhoe et al. 2006, Dukes et al. 2009).
With this increase in temperature, average spring temperatures in the northeast are also
increasing and have resulted in advancing phenology of native bees and plants
(Bartomeus et al. 2011). In my final chapter, I experimentally test whether non-native,
spring emerging bees, like O. cornifrons and O. taurus, will advance their emergence in
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conjunction with the increasing spring temperatures likely to occur due to future climate
change.
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CHAPTER 2
PLANTS AND POLLINATORS SHOW STRONG CORRELATION IN
DIVERSITY ACROSS TIME AND SPACE

2.1 Background
Insect pollinators are critical for the continued survival of plants in both natural and
agricultural ecosystems (National Research Council 2006, Thomann et al. 2013). The
majority of all flowering plants are dependent on biotic pollination for reproduction
(Ollerton et al. 2011) and of the world’s leading crops, over 75% depend on animal
pollination (Klein et al. 2007, Winfree 2008). The economic value of pollination is
estimated to be around $316 billion globally (Lautenbach et al. 2012) and pollinators are
valued for non-economic reasons including aesthetics, their role in contributing to diverse
wildflower communities (Hanley et al. 2015), and to human nutrition (Eilers et al. 2011).
However, the honey bee (Apis mellifera), the world’s primary managed pollinator,
is declining in many parts of the globe due to the spread of Varroa mites and other
pathogens, which can lead to Colony Collapse Disorder (CCD), as well as impacts from
pesticides and reduced nutritional diversity (Kluser and Peduzzi 2007, vanEnglesdorp et
al. 2010, Goulson et al. 2015, Sandhu et al. 2016). Managed honey bee decline is of huge
concern worldwide due to its implications for agricultural production. However, recent
studies indicate that non-managed pollinators, especially wild bees, are effective
pollinators for a wide variety of crops, often providing pollination services equal to or
greater than those of the managed honey bee A. mellifera (Kremen et al. 2002, Greenleaf
and Kremen 2006, Winfree et al. 2007, Winfree et al. 2008, Brittain et al. 2013a, Brittain

13

et al. 2013b, Garibaldi et al. 2013). Yet there is growing evidence that many wild,
unmanaged pollinators, especially bees and butterflies, are also declining globally
(Thomas and Abery 1995, Maes and Van Dyck 2001, Thomas et al. 2004, Biesmeijer et
al. 2006, Colla and Packer 2008, Goulson et al. 2008, Van Dyck et al. 2009, Potts et al.
2010, Cameron et al. 2011, Bommarco et al. 2012, Bartomeus et al. 2013a, Burkle et al.
2013, Fox 2013, Dirzo et al. 2014, Goulson et al. 2015, Koh et al. 2016). These declines
stem from human activity, primarily habitat loss and resulting fragmentation, increasing
pesticide use, reduction in quality and quantity of floral resources, introduction of alien
species, high pathogen loads, and climate change – all of which are often occurring in
concert with other factors, increasing their impacts through interactions (Goulson et al.
2008, Winfree et al. 2009, Potts et al. 2010, Winfree 2010, Vanbergen et al. 2013,
Goulson et al. 2015).
Pollinator declines result in depauperate, homogenized communities dominated
by the species that are tolerant of, or benefit from, human induced disturbances
(Biesmeijer et al. 2006, Fründ et al. 2013, Vanbergen et al. 2013, Nielsen and Totland
2014; Kuhsel and Bluthgen 2015). Loss of diversity in pollinator communities has
broader implications. Pollination services in managed and unmanaged ecosystems tend
to increase with pollinator diversity, resulting in reduced pollen limitation and higher
seed and fruit set (Albrecht et al. 2012, Bommarco et al. 2012, Davila et al. 2012,
Brittain et al. 2013a, Brittain et al. 2013b, Fründ et al. 2013). Diversity may also serve
as a buffer to the large temporal variability in individual pollinator populations ensuring
adequate pollination year after year (Kremen et al. 2002) as well as reducing competition
between plants for pollinators (Vamosi et al. 2006) and maintaining long term genetic
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diversity in plant populations (Benadi et al. 2013). Diverse pollinator communities are
more likely to contain highly efficient pollinator species (Kleijn et al. 2015) and are also
more resilient to disturbance ensuring pollination services even in the face of change
(Winfree and Kremen 2009, Bartomeus et al. 2013b, Brittain et al. 2013a, Rader et al.
2013). But loss of diversity over time may reduce this resilience making it harder to
maintain pollination services in the face of future changes (Burkle et al. 2013, Vanbergen
et al. 2013, Koh et al. 2016).
Many animal-pollinated natural and agriculture systems across the globe are
increasingly vulnerable to these pollinator losses (Calderone 2012, Leonhardt et al. 2013,
Koh et al. 2016, although see Ghazoul 2005) and species endemic to biodiversity
hotspots may be particularly at risk (Hoekstra et al. 2004, Vamosi et al. 2006). Therefore,
in order to maintain global food supplies, as well as to preserve native plants we must
determine which factors support diverse pollinator communities.
As all pollinators use flowering plants as a food source, either for the pollen or the
nectar, for at least part of their life cycles, it has often been assumed that flowering plant
communities structure pollinator communities (Potts et al. 2003b). Bees are considered
the most important pollinator taxa globally (Winfree et al. 2008, Kleijn et al. 2015) in
part because bees are completely dependent on flowers for food resources for their entire
lives (O’Toole and Raw 1999). At the species level, it has been demonstrated that for
some oligolectic bee species (bees whose larvae consume pollen from a narrow range of
flowering species), availability and abundance of the host plant strongly predicts bee
population size (Larsson and Franzen 2007). It has also been shown that for polylectic or
generalist bee individuals, availability of native flowering plant species is positively
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associated with reproductive output (Williams and Kremen 2007). Furthermore, declines
in butterflies have been linked to a reduction of nectar plants (Wallisdevries et al. 2012)
and most studies analyzing declines in pollinator communities have found that bees with
a narrow diet breadth are more likely to be impacted (Biesmeijer et al. 2006, Cane et al.
2006, Williams et al. 2010, Bartomeus et al. 2013a, Burkle et al. 2013, Weiner et al.
2014), suggesting that floral resources play a strong role in determining community
composition of pollinator communities. However, it could also be hypothesized that
pollinator species diversity may structure plant communities (Grundel et al. 2010), which
may depend on functional complementarity between pollinators and their pollination
efficiency (Perfectti et al. 2009, Fründ et al. 2013; but see Benadi et al. 2013). Loss of
pollinators has also been found to lead to declines in plant populations (Biesmeijer et al.
2006, Leonhardt et al. 2013, Thomann et al. 2013), with specialized interactions more
likely to be impacted (Weiner et al. 2014, although see Benadi et al. 2013). Of course, it
is also possible that there is no functional relationship between plant diversity and
pollinator diversity and that rather these organisms co-vary in their richness and
abundance due to similar responses to shared environmental conditions (Wolters et al.
2006; Castagneyrol and Jactel 2012).
Experiments can tease apart these relationships and determine the extent to which
plant species diversity structures bee species diversity, or vice versa. However, empirical
evidence is limited. The “Jena” experiment in Germany varied plant species richness and
found that bee species richness was positively related to flowering plant species richness
saturating at the highest levels of plant richness (Ebeling et al. 2008, Scherber et al.
2010). Ghazoul (2006) found an increase in pollinator visits to Raphanus raphanistrum
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when planted with other co-occuring flowering plant species of similar value to
pollinators as compared to when part of a R. raphanistrum monoculture. Fontaine et al.
(2006) demonstrated that increasing richness of pollinator species resulted in higher plant
species richness in experimental communities and Fründ et al. (2013) and Albrecht et al.
(2012) found higher seed production in plant communities visited by diverse pollinator
communities than those visited by just one pollinator species.
For lack of experiments that could determine causality, I ask a simpler question:
Are pollinator and plant species richness and abundance correlated in observational
studies? A correlation (or congruence) between richness of taxa has been used to validate
the use of surrogates in conservation efforts, with one taxa standing in for another
(Castagneyrol and Jactel 2012). If plant and pollinator diversity are correlated, then
plants, a well-studied taxon, could be used to plan and prioritize conservation efforts for
pollinators. Previous studies on the correlation between different taxa (e.g., plants and
various groups of animals) have found a greater correlation between the richness of two
taxonomic groups when they share “close evolutionary bonds” including those that
interact directly, like primary consumers (including pollinators) and producers (Wolters
et al. 2006; Lewinsohn et al. 2008; Castagneyrol and Jactel 2012). Therefore, it is the aim
of this paper to determine through a meta-analysis the relationship between the
abundance and diversity of pollinators and flowering plants.
A number of observational surveys of natural, semi-natural, and human-impacted
ecosystems have been undertaken that measure the diversity of plant communities and of
pollinator or flower visitor communities. These studies are often focused not directly on
how plant communities structure pollinator communities, but rather on natural,
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anthropogenic, or land management impacts on plant and pollinator communities. I rely
on this larger body of literature for this meta-analysis. A comparison of these surveys
could indicate the direction and strength of the relationship between bees and flowering
plants in natural and managed ecosystems. A meta-analysis across sites from various
ecosystems would also provide clues to whether such patterns are found globally or only
in specific locales and to test which factors influence the strength of this relationship.
Global patterns of plant and pollinator biodiversity have been found to vary by taxa
(Castagneyrol and Jactel 2012) and by biome. For example, plant biodiversity has been
found to be higher in the tropics than in temperate regions, but pollinator richness may
show different patterns. Butterflies may also have a higher richness in the tropics, while
bees may have greater richness in xeric areas (Michener 1979; Olesen and Jordano 2002;
Schluening et al. 2012).
Therefore, I hypothesize that within communities, pollinator species richness is
positively correlated to plant species richness and pollinator abundance is positively
correlated to plant abundance. Furthermore, I predict that the strength of these metacorrelations will be higher for pollinator taxa that are dependent on plants for their entire
life cycle rather than for only one life stage. I also hypothesize that this relationship
between plants and pollinators is driven more by food availability than by overall habitat
characteristics. Consequently, I predict that type of plant and flowering status of plants
will impact the strength of correlation coefficients with higher correlations for flowering
plants than for non-flowering and flowering plants combined.

Because habitat

characteristics can also influence these meta-correlations, I predict that biome will have
an impact on the strength of the relationship between diversity of plants and pollinators
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with higher correlations occurring in biomes where both plants and pollinators have high
richness. Finally, I predict that sampling methods for both pollinators and plants will
impact the strength of correlations between plant and pollinator diversity.

2.2 Methods
2.2.1 Literature Search
I did a comprehensive search for articles that included pollinator and plant diversity
measures. I primarily used Web of Science and Google Scholar for my search, combined
with additional sources (primarily for older publications) pulled from the works cited
pages of papers I had already identified. I used both general search terms (pollinat* AND
plant* OR flower* AND rich* OR abund* OR divers*) and pollinator specific search
terms in the place of pollinat* (bee*, apid*, hymenopter*, wasp*, dipt*, syrphid*,
bombyllid*, lepidopt*, butterfl*, moth*).

For the purposes of my paper, pollinator

includes all invertebrate flower visitors, but does not include studies on life-stages that do
not visit flowers, (e.g., caterpillars). I focused on the diversity measures of richness and
abundance that are most commonly used (evenness, Simpson’s Diversity Index,
Shannon’s Diversity Index). I concluded my search for papers in mid-2015.

2.2.2 Data Collection
For my analysis, I only included studies that contained direct correlation coefficients and
sample sizes in either the text or figures.

Papers that only contained multivariate

analyses, multiple regressions, and structural equation models were not included. From
these papers, I extracted correlation coefficients (Pearson’s, Kendall’s and Spearman’s
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correlations), sample size (n) and other information relevant to my additional hypotheses.
All correlation coefficients and ancillary data were extracted directly from the text where
possible. When not directly presented, Pearson’s correlation coefficient was calculated
from data extracted from figures using Plot Digitizer™. Sometimes the number of data
points visible in the figure differed from the stated sample size in the paper. In these
cases, the sample size was determined based on the figure from which the data were
extracted. Some correlation coefficients were transformed to r from F statistic and R2
values using the standard conversions (Castagneyrol & Jactel 2012).

Studies from the

same location and time period but published in separate works were not considered as
independent data.

2.2.3 Calculating Effect Size
I transformed each r value using Fisher’s z transformation, where r is the correlation
coefficient for each study, in order to calculate the effect size of each individual data
point (Borenstein 2009, Castagneyrol and Jactel 2012).

z = 0.5 log[(1 + r)/(1 – r)]

(2.1)

Positive z values indicate a positive correlation between pollinator and plant
richness or abundance. All individual effect sizes are combined into a grand mean effect
size per hypothesis (Gurevitch and Hedges 1999, Borenstein 2009). For the primary
meta-regressions of the effect of plant richness on pollinator richness and plant
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abundance on pollinator abundance, each data point is either one study or independent
values from the same study.

Independent data points include individually reported

correlations for different pollinator and plant taxonomic groupings and spatially separated
locations. When multiple units of time (e.g., years, seasons, months) were reported
individually for the same place they were averaged to create one data point. Where both
flowering plants and all plant correlations were available for the same study, flowering
plant correlation coefficients were used. Similarly, when data were available by specific
pollinator taxa (e.g., hoverflies, bees, and butterflies) and by pollinator order, (e.g.,
Diptera, Hymenoptera and Lepidoptera), pollinator taxa, not pollinator order was used.
This maximized the statistical power to determine effects of pollinator types and better
reflected biological differences between pollinators, as orders may include pollinating
and non-pollinating taxa (e.g., Hymenoptera includes bees, known as an important
pollinator group and wasps which are not primarily known as pollinators).

2.2.4 Covariates
I also tested the importance of several covariates on the strength of the correlation
between pollinator and plant community richness and abundance. I tested the impacts of
pollinator type, plant type and flowering status, biome, and sampling methods for both
plants and pollinators on my overall meta-correlations. Only covariate factors with n ≥ 1
were used in the analysis.
Pollinator type. For each data point, pollinator taxa were noted as described in the
published study. Studies that did not provide r values per individual pollinator taxon are
coded as “mixed”. Analysis of the importance of pollinator taxa did not include the
“mixed” group, meaning that each r value was associated with only one pollinator taxon.
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Some pollinator taxa come from the same published study and therefore share plant
communities. Analysis was also performed on pollinator grouping, comparing mixed
pollinator groups to single pollinator taxa.
Plant type and flowering status. Plant taxon data points were also noted as described in
the published study. If plant groups were specified in the publication they were
categorized as either herbaceous (non-woody) or woody (trees, shrubs, lianas) otherwise
they are coded as “plants.” Analysis of the importance of plant type was performed with
a data set that did not include the “plants” group, meaning that each r value was
associated with only one plant type (woody or herbaceous). Some plant types come from
the same published study and therefore share pollinator communities. Analysis was also
performed on plant grouping, comparing groups of mixed plant types to a single plant
type. Flowering status indicates whether the plants surveyed in the study included all
plants or only the insect-pollinated plants in flower at the time. In this study, the term
“flowering” includes all flowering plants pollinated by insects. Flowering plants that are
have abiotic pollination or are pollinated by vertebrate animals are considered in this
study to be “non-flowering.” Terms used by authors and considered to indicate an insectpollinated flowering status include “bee plants,” “nectar plants,” “insect pollinated
plants,” or “entomophilous plants.” Where no mention was made, it was assumed that the
survey included all plants in the area, not just those that were insect-pollinated. If
correlations from both groupings were published, only the correlation with “flowering”
plants was utilized.
Biome.

All data points were mapped using the latitude/longitude provided in the

published study. If a data point encompasses a latitudinal range, the middle point is used.
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Where no latitude/longitude was available, studies were mapped based on the published
location (e.g., Paris, France) using GoogleEarthPro. For all data points where location
could be determined, I recorded the biome designation following Olsen et al. (2001), with
the exception that all temperate and tropical forest types were combined into two broader
categories of temperate forests and tropical forests.
Pollinator sampling methodology. Pollinators can be sampled by a variety of both passive
and active methods.

I broadly compared “active” sampling methods to “passive”

sampling methods where “active” methods are defined as techniques that require the
observer to be present and actively looking for pollinators (i.e., “observation” or
“netting”) while “passive” techniques do not require the observer to be present (i.e.,
“traps”) or if the observer is present but they are not actively searching for pollinators
(i.e., “sweep netting”). If a combination of “active” and “passive” methods are being
used, I categorized the study as using “both.” I further distinguished between the specific
sampling techniques used. Techniques included “traps” (e.g., light traps, bait traps, pan
traps, Malaise traps, trap nests), “observation” where no samples were physically
collected only visually observed, “netting” which refers to samples that are targeted (i.e.,
actively collected upon visual observation) and “sweep netting” which refers to samples
collected by non-targeting netting (i.e., netting all samples in an area not focused on
collecting specifically observed organisms) or a combination of these main methods.
Plant sampling methodology. Plants can also be sampled in a variety of ways including
the use of both transects and plots. These sampling methods vary in both shape and
sampling area. Therefore, I broadly compared transect sampling or “linear” sampling
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methods to both “circular” and “square” plot sampling. I also considered the overall size
of sampling area (m2) per study.

2.2.5 Analysis
To quantify the mean correlation between plant and pollinator diversity I implemented
mixed random-effects models via the Metafor package (Viechtbauer 2010) in R (R Core
Team 2012). Raw correlation coefficients were first converted to Fisher’s z-scores as
described above. Transformation to Fisher’s z stabilizes the variance and also normalizes
the data. Metafor uses inverse variance weights to combine study effect sizes into a
summary effect size (Borenstein 2009, Viechtbauer 2010). Results were backtransformed to r for graphical presentation. Models were fit using restricted maximum
likelihood (Viechtbauer 2005). Model fit was assessed by visual inspection of Q-Q
normal plots. I quantified I2 to assess potential variability among the true effect sizes
(Higgins and Thompson 2002, Borenstein 2009). Overall model significance and
significance of moderators was determined by Cochran’s Q-test (Viechtbauer 2010).
I tested for publication bias by inspection of funnel plots (Light and Pillemer
1984, Lewis and Clarke 2001, Sterne and Egger 2001, Rothstein et al. 2005). Funnel
plots are plots of the effect size estimates per study against the standard error of the
study. Studies with larger sample sizes should have higher precision and lower standard
error and converge upon similar results assuming a true underlying treatment effect. In
contrast, studies with small sample sizes will be less precise with higher standard errors
and their results could vary more widely.

Therefore, absent significant bias, when

plotting effect size against sample size, an inverted funnel shape should result, with
smaller sample size studies as the base of the funnel and larger sample size studies as the

24

funnel tip. If the funnel plot is asymmetrical or skewed it indicates potential bias, with
‘significant’ correlations over-reported and ‘non-significant’ results under-reported. To
test for asymmetry in the funnel plot I also performed a regression test (Egger et al.
1997).

2.3 Results
2.3.1 Overall Meta-Correlations
I identified 1461 papers in total, from which I was able to use 150 papers across all of my
analyses (Appendix A). From these papers, I identified 165 independent data points for
use in the plant richness – pollinator richness analyses and 84 independent data points for
use in the plant abundance – pollinator abundance analyses. Only studies with an n > 4
were included in the meta-regressions. The studies in this meta-analysis span a 40-year
period (1974 – 2014) and have global coverage including 37 countries on all continents
except Antarctica. Temperate zones in Europe and North America were most commonly
represented and bees and butterflies are the most commonly studied pollinator taxa. All
analyses of congruence between diversity correlations of plants and pollinators showed
significantly positive relationships (Table 2.1).
Table 2.1 Results of Plant-Pollinator Diversity Meta-Correlations: Effect Size (r),
Sample Size (n), and 95% Confidence Intervals
Analysis

r

n

95% Confidence Interval

plant richness – pollinator richness

0.4537

127

0.3965 – 0.5075

plant abundance – pollinator abundance

0.4915

68

0.3034 – 0.5021
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2.3.2 Heterogeneity and Covariates
My results also suggest significant and substantial variability due to heterogeneity in both
analyses (Table 2.2). I tested several covariates as sources for this heterogeneity.
Table 2.2 Substantial Variability Due to Heterogeneity (I2) was Found in Both Analyses
I2

95% Confidence Interval

plant richness – pollinator richness

65.94%

58.44% - 77.69%

plant abundance – pollinator abundance

78.18%

58.53% - 84.97%

Analyses

Of the tested covariates, I found that plant type and flowering status, biome and pollinator
sampling methods had a significant impact on the relationship between pollinator
richness and plant richness. Only biome had a significant impact on the relationship
between plant abundance and pollinator abundance. I did not find a significant impact of
pollinator type or plant sampling methodology on my meta-correlations for either
richness (Table 2.3) or abundance (Table 2.4).

Table 2.3 Significance of the Impact of Moderators on Plant Richness - Pollinator
Richness Correlation Coefficients
Moderator
Pollinator type
Pollinator grouping
Plant type
Plant grouping
Flowering status
Biome
Pollinator method
Pollinator method type
Plant sampling method
Plant sampling area

QM
1.8805
0.8015
15.1872
8.0656
5.5337
24.8502
6.3437
12.559
3.4369
0.0145
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d. f.
4
1
1
1
1
6
2
5
2
1

p
0.7577
0.3706
<0.0001
0.0045
0.0187
0.0004
0.0419
0.0279
0.1793
0.9041

Table 2.4 Significance of the Impact of Moderators on Plant Abundance - Pollinator
Abundance Correlation Coefficients
Moderator
Pollinator type
Pollinator grouping
Plant type
Plant grouping
Flowering status
Biome
Pollinator method
Pollinator method type
Plant sampling method
Plant sampling area

QM
6.4029
0.1224
0.9663
0.0726
0.0606
18.0595
1.3039
8.7699
2.7580
0.0690

d. f.
3
1
1
1
1
6
2
5
2
1

p
0.0936
0.7264
0.3256
0.7875
0.8056
0.0061
0.521
0.1186
0.6845
0.7928

Pollinator type. There was no significant effect of pollinator taxa on the congruence of
plant and pollinator richness nor on plant and pollinator abundance. Bees, butterflies and
moths showed a significant positive relationship between plant and pollinator richness
and plant and pollinator abundance. Analyses comparing congruence of the overall
pollinator diversity (including all pollinator taxa in one group) to plant diversity, found
similar correlation coefficients as analyses that compared individual taxa (e.g., bees or
butterflies) to plant diversity (Figure 2.1).
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Figure 2.1 Forest plots indicating effect sizes (r) by pollinator taxon for pollinator
richness – plant richness (A) and pollinator abundance – plant abundance (B). Error bars
are 95% confidence intervals (CI) and observed effect size (represented by a square) is
proportional to the precision of the estimate, with smaller squares indicating higher
precision. Effects are considered significant when a CI does not overlap 0. Number of
data points per pollinator type is indicated by the number in parentheses.
Plant type. There was a significant effect of plant type (plant richness – pollinator
richness: QM = 15.1872, df = 1, p < 0.0001) on the relationship between plant and
pollinator richness, with herbaceous plants having significantly higher correlation
coefficient than woody plants. Congruence between plant richness and pollinator richness
was also significantly higher when considering both woody and herbaceous plants
together as compared to the congruence between only herbaceous plants and pollinators
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or only woody plants and pollinators (QM: 8.0656, df = 1, p = 0.0045). There were no
significant effects of plant type on plant abundance – pollinator abundance correlations
(Figure 2.2).

Figure 2.2 Forest plots indicating effect sizes (r) by plant type for pollinator richness –
plant richness (A) and pollinator abundance – plant abundance (B). Error bars are 95%
confidence intervals (CI) and observed effect size (represented by a square) is
proportional to the precision of the estimate, with smaller squares indicating higher
precision. Effects are considered significant when a CI does not overlap 0. Number of
data points per plant type is indicated by the number in parentheses.
Plant Flowering Status. Flowering status has a significant effect on the overall
congruence of plant richness and pollinator richness (QM = 5.5337, df = 1, p = 0.0187).
Analyses considering only flowering plants had a stronger congruence between plant
richness and pollinator richness than analyses considering all plants whether flowering or
not. Flowering status did not have a significant effect on the overall congruence between
plant abundance and pollinator abundance (Figure 2.3).
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Figure 2.3 Forest plots indicating effect sizes (r) by flowering status for pollinator
richness – plant richness (A) and pollinator abundance – plant abundance (B). Error bars
are 95% confidence intervals (CI) and observed effect size (represented by a square) is
proportional to the precision of the estimate, with smaller squares indicating higher
precision. Effects are considered significant when a CI does not overlap 0. Number of
data points per flowering status designation is indicated by the number in parentheses.

Biome. Biome has a significant effect on the overall congruence of plant richness and
pollinator richness (QM = 24.8502, df = 6, p = 0.0004). Alpine biomes had the highest
congruence between plant richness and pollinator richness, but with a very small sample
size. Tropical forests, deserts and boreal forests had lower congruence between plant
richness and pollinator richness, while Mediterranean and temperate forests and
temperate grasslands had higher congruence for plant richness – pollinator richness.
Similarly, congruence between plant abundance and pollinator abundance was also very
high for alpine biomes (QM = 18.0595, df = 6, p = 0.0061), also with a small sample size.
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However, all other biomes showed similar correlation coefficients between plant
abundance and pollinator abundance (Figure 2.4).

Figure 2.4 Forest plots indicating effect sizes (r) by biome for pollinator richness – plant
richness (A) and pollinator abundance – plant abundance (B). Error bars are 95%
confidence intervals (CI) and observed effect size (represented by a square) is
proportional to the precision of the estimate, with smaller squares indicating higher
precision. Effects are considered significant when a CI does not overlap 0. Number of
data points per biome is indicated by the number in parentheses.
Pollinator sampling methodology. Pollinator sampling method (i.e., passive vs. active)
had a significant effect on the congruence of plant richness and pollinator richness (QM =
6.3437, df = 2, p = 0.0419), but had no effect on the congruence between plant abundance
and pollinator abundance.

Active sampling methods were associated with stronger
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congruence between pollinator richness and plant richness than were passive sampling
methods (Figure 2.5).

Figure 2.5 Forest plots indicating effect sizes (r) by pollinator sampling method for
pollinator richness – plant richness (A) and pollinator abundance – plant abundance (B).
Error bars are 95% confidence intervals (CI) and observed effect size (represented by a
square) is proportional to the precision of the estimate, with smaller squares indicating
higher precision. Effects are considered significant when a CI does not overlap 0.
Number of data points per pollinator sampling method is indicated by the number in
parentheses.
The specific techniques used for pollinator sampling also had a significant effect
on the congruence of plant richness and pollinator richness (QM: 12.559, df = 5, p =
0.0279), but not on the congruence of plant abundance and pollinator abundance. Studies
that utilized netting, an active sampling method, had the strongest association between
pollinator richness and plant richness. Passive methods, like traps, resulted in lower
congruence between plant and pollinator richness. Combined active and passive methods
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resulted in intermediate congruence between and richness of plants and pollinators
(Figure 2.6).

Figure 2.6 Forest plots indicating effect sizes (r) by pollinator sampling method type for
pollinator richness – plant richness (A) and pollinator abundance – plant abundance (B).
Error bars are 95% confidence intervals (CI) and observed effect size (represented by a
square) is proportional to the precision of the estimate, with smaller squares indicating
higher precision. Effects are considered significant when a CI does not overlap 0.
Number of data points per pollinator sampling method type is indicated by the number in
parentheses.
Plant sampling methodology. Plant sampling method (i.e., transects vs. plots) did not
have a significant effect on the congruence of either plant richness (QM = 3.4369, df = 2,
p = 0.1793) and pollinator richness (QM = 2.7580 , df = 2 , p = 0.6845). Sampling area
also did not have a significant impact on the correlation between either plant richness
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(QM = 0.0145, df = 1, p = 0.9041) or plant abundance and pollinator abundance (QM =
0.0690 , df = 1 , p = 0.7928).

2.3.3 No Evidence of Publication Bias
Inspection of funnel plots (Figure 2.7) as well as regression tests and rank correlation
tests indicate no evidence of publication bias for either the plant richness and pollinator
richness correlation (z = -7.0605, p < 0.0001; Kendall’s tau = -0.2084, p = 0.0002) or the
plant abundance and pollinator abundance correlation (z = -7.0798, p < 0.0001; Kendall’s
tau = -0.1784, p = 0.0216).

Figure 2.7 Funnel plots testing for publication bias for pollinator richness – plant
richness (A) and pollinator abundance – plant abundance (B). Regression and rank
correlation test results for each analysis in text boxes.
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2.4 Discussion

2.4.1 Overall Meta-Correlations
My results indicate a strong positive correlation between plant richness and abundance
and pollinator richness and abundance (Figure 2.1). This correlation between plants and
pollinators was found across a wide range of studies performed over 40 years, including
all major biomes, a large range of spatial scales, and across the spectrum of disturbance
levels and types, indicating that it is very robust pattern. Publication bias does not appear
to be evident in this study. Although a funnel plot of effect size versus standard error of
the studies (Figure 2.7) was significantly asymmetric, the asymmetry was towards small
studies having low effect sizes, confirming that negative correlations were as likely to be
reported as positive correlations. I did not expect strong publication bias in this metaanalysis because many of the studies used in this meta-analysis were not originally
designed to test the explicit hypothesis that plant and pollinator diversity are correlated.
Rather, many of the included studies are instead focused on determining impacts of
human activities and land management regimes and they take a variety of approaches
from general surveys to network analyses.
Overall, the final correlation coefficients between plant richness - pollinator
richness as well as for plant abundance - pollinator abundance remain strongly positive
and significantly greater than zero. In fact, the overall correlation coefficient for plant
richness – pollinator richness was similar to or greater than those found in previous metaanalyses of diversity congruence between taxa. Wolters et al. (2006) found an average
correlation effect size (r) of 0.374 (95% CI: ± 0.0678) when comparing richness
correlations between a wide range of taxa (e.g., plant richness to animal richness,
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richness of one animal taxa to another). This effect size was larger, r ≈ 0.5 when
considering only relationships comparing richness of plants to that of animals (extracted
from Figure 3 in Wolters et al. 2006). Catagneyrol and Jactel (2012) found an overall
effect size (r) of 0.45 (95% CI: 0.4-0.49) between plant richness and animal richness,
including herps, birds, mammals, and arthropods. Finally, Westgate et al. (2014) found
an average effect size (r) of 0.35 (s.d. = 0.36) across a global dataset including most
major taxa. Taken together with my results, it seems that there is a relatively low
congruence between different taxa globally (r = 0.35 - Westgate et al. 2014), however,
when considering primary consumers and plants the congruence level increases (r = 0.49
- Castagneyrol and Jactel 2012). This suggests that many between-taxa relationships are
context dependent but that richness congruence may be higher for organisms that interact
directly via trophic relationships (i.e., primary animal consumers and the plants they
consume). Pollinators could be considered a primary consumer as they consume plant
resources for energetic and nutritional requirements during at least one life stage
(Thomson 2003), explaining the similarity between this study (r = 0.45) and previous
studies.
Although my results confirm a strong positive relationship between pollinator
richness and plant richness, there is still a large amount of variability not explained by
plant richness alone (Table 2.2). This may reflect the high levels of generalization found
in most plant-pollinator communities (Waser et al. 1996, Bosch et al. 1997). Network
studies of plant-pollinator interactions have consistently revealed highly asynchronous
interactions between plants and pollinators with specialized pollinators interacting
primarily with generalized plants and vice versa (Bascompte et al. 2006). Asynchrony
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would reduce the level of congruence between plant richness and pollinator richness. If
both plants and pollinators were specialized, the correlation coefficient of plant richness
and pollinator richness would be high, regardless of the number of species. If both taxa
are specialized, as one species increases in number so would the other. The opposite is
true for highly generalized relationships. If both species are generalists, they can vary in
species richness independently.

My moderately high global effect size could be

explained by these network findings. My results also confirm a strong positive
relationship between pollinator abundance and plant abundance, but similarly there is still
a large amount of variability not explained by plant abundance alone.
My results also suggest significant and substantial variability due to heterogeneity
in both analyses (Table 2.2). I tested several covariates as sources for this heterogeneity:
plant type and flowering status, biome, and pollinator sampling methodology all had
significant impacts on the overall correlation coefficient of the plant richness – pollinator
richness analysis.

Only biome has a significant impact on the overall correlation

coefficient of the plant abundance – pollinator abundance analysis.

2.4.2 Effect of Pollinator Taxon Type on Plant-Pollinator Congruence
I expected pollinator identity to have an impact on the congruence of plants and
pollinators due to taxon-specific life history differences. My study included all insect
flower visitors, taxa that range in their dependence on flowering plants. I predicted that
pollinator taxa that have a higher dependence on flowering plants, defined as the number
of life stages that rely upon flower resources, would have a stronger correlation with
plants. For example, bees require floral resources to complete their entire life cycle.
Adults utilize nectar to gain energy and they provision larva with pollen packets
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(Roulston and Goodell 2011). All other pollinators also rely upon flowers for energy as
adults, but vary in their dependence on flowers for the provisions they provide their
offspring. Juveniles of butterflies and moths (i.e., caterpillars) eat leaves, while wasps
and flies primarily provision their juveniles with other arthropods through predation or
scavenging (Bugg et al. 2008, Krenn 2010, Winfree et al. 2011, Danieli-Silva et al.
2012). Therefore, I expected that bees and Lepidoptera would have stronger correlation
coefficients with plants than flies and wasps. However, there was not a significant impact
of pollinator type on either plant richness – pollinator richness or plant abundance –
pollinator abundance correlations (Table 2.1). This suggests a generalized relationship
between plants and pollinators and supports the idea that congruence between taxa is
limited by trophic level (Castagneyrol and Jactel 2012).
There is large within-taxa variability in traits of pollinators, including those that
influence foraging behavior, which could limit the congruence between plant and
pollinator diversity (Winfree et al. 2011). For example, some Lepidopteran species do not
feed as adults (Krenn 2010) and cleptoparasitic bee species do not provision for their own
offspring (Roulston and Goodell, Winfree 2010), resulting in missing or weak links to
floral resources. Also, it is possible that specialist species have a stronger correlation
with plant richness than generalist species, while generalist species may be more
dependent on floral abundance than floral richness at the community level (Biesmeijer et
al. 2006, Cane et al. 2006, Kleijn and Raemakers 2008). Phenology, sociality, mobility,
distribution, body size, life-span and reproductive output of individual species determine
both available resources and energetic and nutritional needs (Winfree et al. 2009,
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Ockinger et al. 2010, Potts et al. 2010, Williams et al. 2010) and should be taken into
account when considering whether plant communities structure pollinator communities.

2.4.3 Effect of Plant Type and Flowering Status on Plant-Pollinator Congruence
My results indicate an impact of plant type on congruence between plant richness and
pollinator richness. First, I found that there is a significantly higher effect size (r) when I
consider all plants rather than considering just one plant type (i.e., herbaceous plants vs.
woody plants). This indicates that a diversity of pollinators is better supported by the
entire plant community rather than a subset of the plant community. However, when
considering only one plant type, I found that there was a significantly stronger correlation
between herbaceous plant richness and pollinator richness as compared to woody plant
richness and pollinator richness. This is likely because for several of these studies,
woody plants, especially trees, may be a better indication of habitat type or habitat
structure than of available floral resources. A high diversity of trees may not facilitate a
high diversity of pollinators if many of the trees are not insect pollinated. Furthermore,
dense forest canopies are often negatively associated with diverse and abundant
pollinator communities. For example, Hanula et al. (2015) found that both richness and
abundance of bees was highest in cleared plots and open forests with an herbaceous
understory as compared to dense pine forests in the southeastern United States.
I also found that when there is a higher correlation with richness of pollinators for
flowering plants only when compared to correlation of pollinator richness to the entire
plant community, which includes non-flowering species.

This finding supports the

hypothesis that congruence between plants and pollinators reflects their trophic
relationship with higher congruence indicating a stronger dependence between taxa. As
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pollinators utilize floral resources (i.e., pollen and/or nectar) for their energy and nutrition
requirements, measuring only plants in flower at the time of pollinator collections is
likely a more accurate representation of available resources than considering the entire
plant community.

2.4.4 Effect of Biome on Plant-Pollinator Congruence
Meta-correlations for plant richness and pollinator richness as well as plant abundance
and pollinator abundance were significantly different depending on the biome in which
the survey took place. Plant and pollinator diversity varies by biome, for example biotic
pollination is greater in the tropics than in temperate regions (Bawa 1990). Plant and
butterfly diversity are highest in tropical biomes (Willig et al. 2003, Kreft and Jetz
á2007) and although bees are more abundant in tropical regions than temperate regions,
they are most speciose in arid regions, especially those with high floristic diversity
(Michener 1979, Schleuning et al. 2012). Species richness of Diptera increases with both
latitude and elevational gradient (Elberling and Olesen 1999). Elevational gradients
show similar patterns to latitudinal gradients with high latitudes and high elevations both
generally showing a reduction in species richness of plants and associated animals
(Currie 1991, Gaston 1992).
I found that the tropical forest biome had the lowest effect size (r) between plant
richness and pollinator richness. This low congruence may be partially explained by the
different latitudinal biodiversity patterns of plants and pollinators described above.
Gaston (1992) found that the ratio of insect species to plant species decreases as plant
richness increases. This could be due to an inverse relationship between plant richness
and relative plant abundance.

Therefore, in the tropics, flowering plants that are
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resources for pollinators may have low densities - resulting in longer search times for
pollinators and thereby constraining specialization, according to optimal foraging theory
(MacArthur and Pianka 1966, Albrecht et al. 2010a, Schleuning et al. 2012). This
relationship between plant richness and relative plant abundance may contribute to the
variability in interaction strength and level of specialization found within plant-pollinator
networks.

Olesen and Jordano (2002) found as latitude declined, the number of

interactions with each plant also declined, suggesting that plant species are more
specialized in tropical biomes. However, pollinators appear to be more generalized at
lower latitudes (Gaston 19992, Olesen and Jordano 2002, Schleuning et al. 2012). This
means that there is less niche differentiation and more overlap in resource use by
pollinators in these tropical biomes (Schleuning et al. 2012). Together these studies
suggest high levels of asynchrony in pollination networks in the tropics, which could
result in a lower correlation coefficient between plant and pollinator richness.
In contrast, alpine biomes had the highest effect size (r) for both plant-pollinator
richness and plant-pollinator abundance. Olesen and Jordano (2002) found that plant
species are more specialized in alpine environments. Alpine ecosystems are highly
seasonal with a short growing season for plants and activity season for pollinators
(Olesen et al. 2008). Organisms with short activity phases are likely to have fewer
interaction partners than organisms with long activity phases because there is less time
for organisms to overlap (Olesen et al. 2008, Bosch et al. 2009, Kallimanis et al. 2009,
Martín González et al. 2012). My results suggest that pollinators may also be more
specialized at higher altitudes resulting in a stronger correlation between plant and
pollinator diversity. High altitude communities, with their short growing season, extreme
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weather events and relatively low plant diversity may increase evolutionary pressure for
specialization (Schleuning et al. 2012). It is also possible that due to the low sample size
of alpine studies, these results are not generalizable.
All biomes, except alpine ecosystems, showed similar effect sizes for the
relationship between plant abundance and pollinator abundance. Alpine biomes had a
higher correlation coefficient for plant abundance and pollinator abundance when
compared with all other biomes.

2.4.5 Effect of Pollinator Sampling Methods on Congruence
I found that pollinator sampling methods had a significant effect on the meta-correlation
of plant richness with pollinator richness, but not for plant abundance and pollinator
abundance. Active methods resulted in a higher correlation coefficient for plant richness
– pollinator richness than using both active and passive methods or using only passive
methods. This is likely because active methods of pollinator sampling, like netting, are
more directly tied to the plant community, than passive methods like traps. Methods also
vary by pollinator taxon, with butterflies being almost exclusively surveyed by active
methods. Networks also generally use active methods.
These results indicate the importance of considering sampling methods when
determining the relationship between plants and pollinators. It may be that measuring
richness is more susceptible to sampling bias than measuring abundance, as the
abundance meta-correlation was not significantly impacted by pollinator sampling
method. Active methods have some observer bias as the skill level and style of the
surveyor can vary. Passive methods may not have observer bias, but they use visual or
scent based cues to attract pollinators and so could bring in additional individuals that
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wouldn’t normally be in the study area, thereby underestimating the correlation between
plant richness and pollinator richness. There has also been some indication that passive
methods may be more effective where flowering plant abundance is lower or at greater
distances from floral resources, creating further bias (Grundel et al. 2010).

2.5 Conclusions
My results indicate that plant richness and abundance have a strong positive relationship
to pollinator richness and abundance. This suggests that flowering plants could be used as
surrogates for pollinators in conservation plans, although the effectiveness of this strategy
would vary by biome. Impacts of sampling methodology used to determine effectiveness
of any conservation or restoration strategies should also be considered. Although this
study contains a large dataset including studies from all of the major terrestrial biomes,
these biomes are not equally represented. More studies are needed in the tropics and
polar/alpine regions. More studies in relatively undisturbed habitats are also needed, as
most of these surveys come from disturbed or human impacted ecosystems.
Importantly, the correlations examined in the present study may suggest
mechanisms, but they cannot demonstrate causation. It is possible that there is no causal
relationship, but rather that pollinator and plant diversity are instead structured by
common environmental factors such as soil fertility, net primary productivity, and
various management activities. Pollinators are mobile organisms, able to move from
place to place while foraging (Greenleaf et al. 2007, Zurbuchen et al. 2010). This
mobility means that pollinator communities also respond to landscape variables, not just
local floral richness. (Tylianakis et al. 2006, Sjodin et al. 2008, Carvalheiro et al. 2010,
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Carvalheiro et al. 2013, Jha and Kremen 2013, Scheper et al. 2013). Also, pollinator
populations are likely limited by many factors in addition to floral diversity as not all
pollinators exclusively depend on flowering plants for their entire life cycle (Winfree et
al. 2011). Other factors including natural enemies and nest site availability are important
to pollinator communities (Potts et al. 2005, Grundel et al. 2010, Winfree 2010, Roulston
and Goodell 2011)
All my analyses had strongly positive overall effect sizes (r), suggesting that local
flowering resources are one important factor in determining pollinator community
composition. However, the causal mechanisms behind these correlations between
flowering plant species richness and pollinator species richness and flowering plant
abundance and pollinator abundance need to be explored further through more
experiments that manipulate either floral diversity or pollinator diversity or both (e.g.,
Ebeling et al. 2008). My study also illustrates the limitations of using one taxon as a
surrogate for another group of organisms, for there is large quantity of unexplained
variability when using only plant richness and abundance to model pollinator diversity
and abundance. Therefore, it is important that future studies continue to look beyond
plants when determining the factors that best explain pollinator community composition.
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CHAPTER 3
USE OF ARTIFICIAL NEST BOXES IN TEMPERATE FORESTS BY
INTRODUCED OSMIA SPECIES

3.1 Background
The majority of bees are central place foragers, searching for food resources within flight
range of their nests (Westrich 1996, O’Toole and Raw 1999, Knight et al. 2005, Williams
and Kremen 2007, Zurbuchen et al. 2010). This means that nesting resources interact
with floral resources to influence bee populations (Roulston and Goodell 2011). Most
bee species make their own nests as a protected environment to raise their offspring, but
many additional bee species are cleptoparasites, depositing their eggs in other bee
species’ nests (Westrich 1996, Michener 2000). Of those that make their own nests there
are “renters” that utilize pre-existing cavities for their nests (e.g., existing holes or
reappropriated burrows made by other organisms), while others are “excavators”,
creating the nest from scratch out of a chosen substrate (e.g., soil or wood). These nests
can be built above-ground, generally in tree trunks or stems of plants, or below-ground,
in the soil. These nests vary in size depending on the body-size of the bee species and the
level of sociality (Michener 2000). These nesting traits influence both which nesting
resources are limiting to a population and which risks these populations experience (Potts
et al. 2005, Williams et al. 2010).
Osmia cornifrons and O. taurus are two species of cavity-nesting bee species that
have been introduced to the eastern United States from Japan (see Section 1.6). Most
Osmia species are cavity nesting bees, meaning they are “renters”, utilizing pre-existing
holes that are found above-ground, often in dead wood but also within other substrates
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including snail shells, stems, and artificial (human-made) materials. Many Osmia species
then line these cavities and create nest cell partitions and plugs with masticated plant
material or mud (Krombein 1967, Cane et al. 2007).
Available nesting resources have been found to structure bee communities (Potts
et al. 2003b, Potts et al. 2005, Grundel et al. 2010) and influence bee population sizes
(Julier and Roulston 2009, Gruber et al. 2011, Roulston and Goodell 2011, Artz et al.
2013, Dainese et al. 2017). Both quantity and quality of required nesting substrates and
additional materials required for nest construction may vary in both time and space,
limiting the size of bee populations (Cane 1991, Horne 1995, Sheffield et al. 2008,
Steffan-Dewenter and Schiele 2008, Westphal et al. 2008). Indirect evidence for nest site
limitation exists (Ricketts 2004, Potts et al. 2005, Cane et al. 2006, Kim et al. 2006,
McFrederick and LeBuhn 2006, Klein et al. 2006, Sheffield et al. 2008, Moretti et al.
2009, Neame et al. 2013), but access to floral resources may be an equal or greater
influence on nesting density (Eltz et al. 2003, Torné-Noguera et al. 2014). Also, nesting
resources are often correlated with floral resources (Potts et al. 2003b, Campbell et al.
2007, Moretti et al. 2009), which makes it hard to determine the role of nesting resources
on pollinator communities independent of flower availability (Roulston and Goodell
2011).
Finding natural nesting sites of bees can be very difficult (but see Potts et al. 2005
and Grundel et al. 2010), therefore, artificial nest boxes or trap nests have been used to
sample for cavity nesting bees within an ecosystem (e.g., Krombein 1967, Jayasingh and
Freeman 1980, Tscharntke et al. 1998, Wilson et al. 1999, Steffan and Schiele 2004,
Giles et al. 2006, Steffan and Schiele 2008, Westphal et al. 2008, Forrest and Thomson
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2011, Ebeling et al. 2012, MacIvor 2016).

Usage of nest boxes by bees depends on both

local and landscape factors. Landscape features, including proportion of various habitat
types (e.g., forest vs. prairie and natural habitat vs. human influenced habitat) as well as
patterns of fragmentation, can strongly influence both composition and abundance of
cavity nesting bees in artificial nesting substrate (Gathmann et al. 1994, Klein et al. 2002,
Kruess and Tscharntke 2002, Steffan-Dewenter 2002, Steffan-Dewenter 2003, Klein et
al. 2006, Tylianakis et al. 2006, Taki et al. 2008, Schüepp et al. 2011, Loyola and
Martins 2012, Steckel et al. 2014, MacIvor and Packer 2016, Dainese et al. 2017). Local
factors including quantity and quality of natural nesting material and floral resources are
also important. Both flowering plant richness and abundance are positively associated
with colonization of trap nests (Tscharntke et al. 1998, Aguiar et al. 2005, Tylianakis et
al. 2006, Taki et al. 2008, Dainese et al. 2017). Natural nesting substrate may compete
with artificial nesting substrate for colonization (Sheffield et al. 2008, Roulston and
Goodell 2011).
Nest box design also influences colonization rates (MacIvor 2016). Many cavity
nesting bees have shown strong preference for specific cavity sizes (Krombein 1967,
Budriené et al. 2004, Sheffield et al. 2008, Gruber et al. 2011, MacIvor 2016), as well as
for specific substrates and nest lining material (Cane et al. 2007, MacIvor and Moore
2013, MacIvor 2016). Nest boxes also vary in quantity of potential nesting holes,
affecting the nesting density and potential for competition experienced by nesting bees
(Pitts-Singer and Bosch 2010, Artz et al. 2013). Nesting density also impacts the risks
from natural enemies (Wcislo 1996, MacIvor and Packer 2015). Colonization rates can
also be influenced by the visibility of the nest box or the ability of bees to distinguish
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their nests from others’ nests (MacIvor 2016). Many cavity nesting bee species also
exhibit philopatry which can influence colonization rates (Steffan-Dewenter and Schiele
2004, Pitts-Singer 2007, Steffan-Dewenter and Scheiele 2008).
In order to persist in their new homes, non-native bees, like Osmia cornifrons and
O. taurus (see Section 1.6), must be able to find suitable nesting and foraging materials.
O. cornifrons is a managed pollinator in the United States, but both species are also found
as wild, non-managed bees, in wildlands throughout the eastern U.S. Both O. cornifrons
and O. taurus have been found to nest in artificial nesting substrates, including wooden
nesting blocks. However, the factors that influence the usage of artificial nest boxes for
non-managed populations of these species are not well understood. In order to better
understand how these species of non-native bees utilize artificial nesting substrate, I
introduced wooden nest boxes to a temperate forest in New Jersey and determined the
probability of nesting within individual nest holes within nest boxes. This study had
three primary predictions: 1) Nesting is influenced by the number of available nesting
cavities and probability of nesting will increase with increasing nesting cavity
availability; 2) Nesting is influenced by the floral resource availability and probability of
nesting will increase with increasing plant richness; and 3) Nest box design, specifically
hole size and neighbor density, will influence probability of nesting in individual holes
within a nest box.
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3.2 Methods
3.2.1

Study Site

This study took place in Morristown National Historical Park (MORR), a federally
managed park of approximately 690 ha, located in Morristown, NJ. MORR is part of the
Lower New England/Northern Piedmont ecoregion and consists primarily of rolling hills
and lowlands with an elevational range of 107-457m. It has a long history of human
land-use including clearing land for agriculture and logging. Most famously MORR was
home to the American Continental Army under George Washington over the winters of
1777 and 1779 during the Revolutionary War. It is dominated by mature second-growth
forests of predominantly either mesic oak-beech forests or successional tuliptree forests
with an understory dominated by invasive shrubs and the occasional ephemeral herb
layer. Thin, well-drained sandy loam soils are intermixed with areas of rocky gneiss
(Sneddon et al. 2008). Deer are very abundant in the park and have decimated the native
understory in many areas (R. Masson, pers. comm.).

3.2.2 Nest Box Experiment
Within the park, the Northeast Temperate Network (NETN) of the National Park Service
has established 29 permanent forest monitoring plots, at random locations throughout the
forested areas of MORR (Tierney et al. 2009). These 20 m x 20 m plots are intensively
sampled biannually for vegetation, soil chemistry, light availability, coarse woody debris,
and tree condition. These NETN surveys provide the vegetation data for my study
including the richness and abundance of plants. I co-located my nest boxes (see Section
3.2.3) at 27 of these plots (Figure 3.1), in three treatment configurations: Treatment 1 (1
box per plot), Treatment 2 (2 boxes per plot), and Treatment 3 (1 box per plot with an
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additional box added approximately 1.5 months later. Nine NETN plots were randomly
assigned to each treatment:
At each plot, nest boxes were attached to mature trees (> 10 cm diameter at breast
height) with bungee cords at 1 m from the ground facing south-southeast. In Treatment
2, the lowest box was placed 1 m from the ground and the other box was placed just
above it (but boxes did not come into physical contact with each other). In Treatment 3,
half of the later boxes were attached above and the other half were attached below the
existing box with random assignment of box placement. All boxes were placed in the
field between 30-31 March 2013 except the additional box for Treatment 3 which were
added 23 May 2013. Bee nesting activity began in early April 2013 and was completed
by the beginning of June 2013. Nest boxes were left in the field until mid-January 2014
when they were brought to the Bunker Lab at New Jersey Institute of Technology,
Newark, NJ where they were censused (see Section 3.2.4).
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Figure 3.1 Map of the 29 permanent plots in Morristown National Historical Park
monitored by the Northeast Temperate Network of the National Park Service. Bee boxes
were placed at 27 of these sites from March 2013 to January 2014.

3.2.3 Nest Box Design
Each nest box was 30 cm wide by 28 cm deep by 13 cm high and consisted of four
wooden trays with six holes per tray (24 holes per box). In each tray the six holes were
equidistant from each other but varied on whether they were skewed towards the left side
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of the tray or towards the right side of the tray. Within each box, there were two trays
with medium sized (7 mm diameter holes) and two trays with large (12 mm diameter
holes). Trays alternated within the box such that every other tray had the same hole size
and alignment, with random top tray assignment per box (Figure 3.2).

Figure 3.2 An example of a nest box used in this study. Although exact configuration of
trays varied, in all cases boxes contained 24 holes in trays that alternated by hole size and
hole alignment. Note: the mud-filled holes in the box indicate nests made by either
Osmia cornifrons or O. taurus. Photo by Caroline DeVan.

3.2.4 Nest Box Census
Nest boxes were censused between January and March 2014 (Figure 3.3). The following
attributes were recorded for all nest boxes: number of nests per box, number of cells per
nest, male:female ratio per nest and the rate of parasitism or other cohabitants. At least
one subsample per nest was removed for species identification. The species identity of
the subsampled individual was assumed to represent the species of all individuals in the
nest. Identifications were determined by C. DeVan with some confirmation by J. Ascher.
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Figure 3.3 Colonized part of a tray from a nest box. For each bee nest found, the total
number of nest cells and number of parasitized nest cells were counted. This photo was
taken in the field in early summer 2013 before the bees in the nest had developed into
adults. The yellow pollen provision is visible as are the bee larvae. The actual nest box
census occurred in winter 2014 after the bees had matured into adults.

3.2.5 Plant Community
In order to determine the potential impact of the plant community on nesting I utilized
plant community data collected by NETN in the summer of 2011 (NETN 2011). This
survey was the most recent survey at the time of the experiment. Based on their survey
data, I calculated total richness of trees, shrubs and herbaceous plants found in each
NETN plot.

3.2.6 Analysis
I used repeated measures generalized linear mixed models (GLMM) with a binomial
distribution and logit link function and a residual PL estimation technique in Mixed:
GLMER of the R package LMER (LME-4) (RStudio v.1.0.153 - R Core Team 2012,
Bates et al. 2015) to compare the likelihood of a nest box hole being colonized by a bee.
Osmia cornifrons and O. taurus were considered together. Fixed effects included the
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categorical variables treatment and hole size and the continuous variables neighbor
density (number of neighboring holes) and plant richness, and their interactions
(treatment x plant richness, treatment x hole size, treatment x neighbor density, and hole
size by neighbor density). Neighbor density (neighbor) and plant richness were centered
prior to analysis. NETN plot was included as a random effect. Only two treatments were
used in my analysis, Treatment 1 (one box) and Treatment 2 (two boxes). The second box
in Treatment 3 had very low colonization rates and so nesting rates for Treatment 3 were
not significantly different from Treatment 1. I therefore combined Treatments 1 with the
first box from Treatment 3 in my analysis. The statistical significance of all effects were
tested using likelihood ratio test (Bates et al. 2015).

3.3 Results
The full model, which included a random effect of nest box location (NETN site) and
fixed effects of treatment, hole size, neighbor density, plant richness, and their associated
interactions, had an AIC score of 990.2 and a BIC score of 1037.9. There was a
significant effect of hole size (X2 = 4.75, p <0.05; Table 3.1) and number of neighboring
holes (X2 = 9.58, p <0.005; Table 3.1) for the likelihood of a nest box hole being
colonized by an Osmia species (O. cornifrons and O. taurus considered together). In
addition, there was a significant effect of the interaction between hole size and number of
neighboring holes (X2 = 4.39, p < 0.05; Table 3.1). Treatment, overall plant richness, and
their associated interactions had no effect on the likelihood of a nest box hole being
colonized by either Osmia species (Table 3.1). The random effect of nest box location
(NETN site) was also not significant.
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Table 3.1. Effects of Treatment, Hole Size, Neighbor (Density of Neighboring Holes),
Richness (Total Plant Richness) and their Interactions on the Likelihood of a Nest Box
Hole Being Colonized in Spring 2013 in Morristown National Historical Park. Significant
Effects are Noted in Italicized Bold. Full Model d.f. = 10
Effect
Treatment
Hole size
Neighbor
Richness
Treatment x Richness
Treatment x Hole size
Treatment x Neighbor
Hole size x Neighbor

d. f.
1
1
1
1
1
1
1
1

X2
0.18
4.75
9.58
0.95
0.40
2.60
2.22
4.39

p
0.67
0.03
0.002
0.33
0.53
0.11
0.14
0.04

At the same neighbor density, the probability of colonization per nest box hole is
higher for medium-sized (7 mm) holes than for large-sized (12 mm) holes. Higher
neighbor density for any hole generally resulted in lower colonization rates for both hole
sizes, but especially for the larger hole size (Figure 3.4).
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Figure 3.4. Least square means for probability of colonization based on hole size and
neighbor density. Medium-sized holes, shown in purple, are 7 mm in diameter, while
large-sized holes, shown in blue, are 12 mm in diameter. Error bars represent upper and
lower confidence limits.

3.4 Discussion
3.4.1

Nest Box Experiment

The number of nest boxes at each nest site did not significantly affect the probability of
colonization of any nest box hole by either Osmia species. This suggests that as the
number of nest boxes and therefore availability of holes increases, the number of nests
made by these cavity-nesting bees will also increase. This could indicate a limitation of
natural nesting resources or it could simply mean that preference for artificial nesting
resources are equivalent to or higher than natural nesting resources for these species
(Roulston and Goodell 2011). Further studies would need to be done to determine causal
mechanisms.
56

3.4.2 Floral Resources
The overall plant richness per site did not significantly affect the probability of
colonization of any nest box hole by either Osmia species. This suggests that floral
resources do not limit nesting of Osmia cornifrons and O. taurus at Morristown National
Historical Park. This is not surprising as both Osmia species are known to be floral
generalists and therefore should be able to utilize a wide range of floral resources (Haider
et al. 2014). In a previous study, Osmia cornifrons was found to have a minimal foraging
range of 500m (Guedot et al. 2009). As these two Osmia species are similar in size, it is
likely they would have similar foraging ranges, as bee foraging ranges are positively
related to their body size (Greenleaf et al. 2007). Therefore, both species are large
enough to have a foraging range within MORR that should encompass some floral
resources meaning that the spatial distribution of floral resources does not affect their
nesting distribution.
Also, it could be that floral resources do not vary significantly between sites. I
did not measure floral resources directly, and it is also possible that plant richness per
nest box site does not accurately represent floral resource availability. Not all plants in
the park are insect-pollinated or even flowering plants and flowering time for some bee
pollinated plants may occur outside the nesting time for these species. Abundance of
floral resources was also not measured and could have a large impact on bee populations
(Dainese et al. 2017).

3.4.3

Nest Box Design

Hole size and neighbor density, as well as their interaction, affected the probability of
colonization of any nest box hole by either Osmia species. In previous studies at MORR,
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both O. cornifrons and O. taurus were found to use a range of nest hole sizes, from 5 mm
diameter to 12 mm diameter. (C. DeVan, pers. obs; Section 4.2). This suggests that
while both species are flexible in their utility of different cavity sizes for nesting, both
species are generally more likely to nest in the medium-sized (7 mm diameter) holes.
This preference is likely related to their body size (Budriené et al. 2004) as preferred nest
hole size for Osmia species has been found to be related to both the body size and sex of
the offspring (Bosch et al. 2001, Radmacher and Stohm 2010, Marato and Martins 2012).
I have noticed that small nests (5 mm diameter) tend to be biased towards males and large
nests (12 mm diameter) biased towards females or sometimes subdivided to make smaller
cells. Nests in 7 mm diameter holes include both males and females (C. DeVan, pers.
obs).
Also, although both species will nest throughout my nest boxes, these model
results suggest that increasing density of neighboring holes negatively influences nesting
activity. This influence on nesting is more pronounced for large-sized (12 mm diameter)
nest holes. These model results show that at low neighbor densities, probability of
utilizing the large-sized and medium-sized holes is similar, but at higher neighbor
density, the medium-sized holes are preferred. Neighbor density of a nest-box hole is
related to the location of the hole within the box - holes along the edge of the box have
fewer neighboring holes. Thus, selection of holes with lower neighbor density could be a
result of density dependent limitations experienced by the bees, reducing the chance that
a nest is next to other nests on all sides. Reducing density of nests could be an evolved
response to the increased risk of natural enemies at high nest densities (Wcislo 1996,
MacIvor and Packer 2015). However, Artz et al. (2013) found that Osmia lignaria
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females preferred to nest in high density nest boxes as compared to low density nest
boxes. In some Osmia species, females can also create multiple nests within a single nest
site and it may be that the same female would be more likely to place additional nests
adjacent to previously made nests (Bosch and Vicens 2006).
It is also possible that edge holes may also be more visible or have a different
microclimate than interior holes which could also influence preference for nesting in
them. Everaars et al. (2011) found quantity of sun received by nest boxes was an
important indicator for nesting of O. bicornis, a related European species. Nest boxes in
sunnier sites were more likely to be colonized than those in shadier locations (Everaars et
al. 2011, MacIvor 2016). Visibility has also been found to be important to nest site
location for cavity-nesting bees (Krombein 1967, Guédot et al. 2006, Guédot et al. 2007,
Artz et al. 2014).

3.4.4 Conclusions and Future Work
Artificial nest boxes are utilized by both Osmia cornifrons and O. taurus in temperate
forests. I found that nest box design influenced the probability of a bee nesting within an
artificial nest box more than quantity of nesting or floral resources. This suggests that
usage of artificial nesting substrate, especially with preferred hole size and density, may
assist these species in their establishment, which is positive if they are being managed for
pollination efforts and negative if we want to reduce their abundances as a non-native
species.
Abundance and distribution of species is not just related to food and shelter
resources, species are also limited by their interactions with potential competitors and
natural enemies (Goodell 2003, Budriené et al. 2004, Steffan-Dewenter and Scheile
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2008, Roulston and Goodell 2011, Ebeling et al. 2012, Vickruck and Richards 2012,
Dainese et al. 2017). Osmia species may compete for nesting or floral resources or they
may avoid competition through niche differentiation. Using bee bowl sampling for a
separate study, I found multiple species of Osmia in Morristown National Historical Park
(MORR) during the springs of 2012 – 2014 (C. DeVan, pers. obs.). However, these other
species are either much larger (O. bucephala) or smaller (O. pumila and O. atriventris)
than either O. cornifrons and O. taurus, suggesting little competition for nesting
resources. I did not find Osmia lignaria, a native bee of similar size to O. cornifrons and
O. taurus, in my sampling, although its range suggests the possibility. O. cornifrons and
O. taurus are of similar size and overlap in both their nesting and floral resources
suggesting the possibility of competition between these species and with O. lignaria.
Further work needs to be done to determine what interactions, if any, these species have
with each other or the ability of these species to outcompete their native counterpart,
Osmia lignaria.
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CHAPTER 4
OSMIA CORNIFRONS AND O. TAURUS EMERGE EARLIER
UNDER SPRING WARMING TREATMENTS

4.1 Background
One of the most observable impacts of climate change on biological systems has been the
shifting phenology of both plants and animals (Walther et al. 2002, Parmesan and Yohe
2003, Gordo and Sanz 2006, Parmesan 2006, Hegland et al. 2009). Phenology is the
seasonal timing of organismal life history events and is especially sensitive to climatic
variation. Elements of climate, including temperature, act as triggers for particular life
stages in phenologically sensitive organisms (Menzel et al. 2006).

As average

temperatures have increased over the past few decades in temperate regions, phenological
shifts are being observed in plants and insects (Walther et al. 2002, Parmesan and Yohe
2003, Gordo and Sanz 2006, Parmesan 2006, Thackeray et al. 2010; Bartomeus et al.
2011, Kudo and Ida 2013).
Bees are the most important pollinator taxa globally, providing pollination
services to both agricultural and natural ecosystems (Potts et al. 2010). In exchange, all
bee species are completely dependent on the floral resources of plants for their energy
requirements (Roulston & Goodell 2011). Bees are phenologically sensitive organisms,
requiring specific environmental conditions, to trigger each life stage. As many flowering
plant species are also phenologically sensitive, concerns have been raised over the
potential for a phenological or temporal mismatch between these important pollinators
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and their plant hosts under future climate scenarios. Such a mismatch could negatively
impact reproduction of plants dependent on insect pollination and reduce bee populations
that experience food shortages due to fewer available floral resources (Memmott et al.
2007, Tyliankis et al. 2008, Hegland et al. 2009, Potts et al. 2010, Yang and Rudolf
2010; Bartomeus et al. 2011).
Mismatches could potentially occur if organisms have differential sensitivity to
environmental cues or if organisms utilize different environmental cues for their life
events. For many species of bees their yearly emergence date, after overwintering in their
natal nests, is sensitive to length of winter and both winter and spring temperatures.
(Bosch and Blas 1994, Bosch and Kemp 2000, Kemp and Bosch 2001, Bosch and Kemp
2004, Gordo & Sanz 2006; Sgolastra et al. 2009, White et al. 2009; Sgolastra et al. 2012,
Ahn et al. 2014, Walinga 2016). However, flowering time for plants can require both a
change in day length and in temperature (Menzel et al. 2006).
The Northeastern US has experienced an increase of 0.25°C per decade since the
1970s (Hayhoe et al. 2006, Dukes et al. 2009). Models by Hayhoe et al. (2006) project
an increase in average annual surface temperature of 2.9°C – 5.3°C by 2070-2099 relative
to temperatures from 1961-1990. In conjunction, high temperature thresholds will be
surpassed with increasing frequency and low temperature thresholds with decreasing
frequency (DeGaetano and Allen 2002, Dukes et al. 2009). Bartomeus et al. (2011)
found that average spring (mid-April) temperatures across the northeastern U.S. have
increased since the 1880s, with the largest increases occurring since the 1970s. This
warming trend corresponds with advancing phenology of ten native bee species and
plants across the region. This suggests that phenological mismatches may be avoided or
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minimized for species that respond similarly to climate change. However, there is still
potential for mismatches if phenologies of interacting organisms are not in sync
(Bartomeus et al. 2011),
Osmia cornifrons and O. taurus are two non-native cavity-nesting bee species
introduced from Japan into the United States. O. cornifrons was introduced as a managed
pollinator while O. taurus was accidently introduced alongside O. cornifrons (Batra
1979, Abel and Wilson 1999, Goulson 2003). Both species have spread throughout the
eastern United States (see Section 1.6). In their native ranges both O. cornifrons and O.
taurus are active in early spring (Jeong et al. 2009, Ahn et al. 2014). In New Jersey, they
both emerge around the same time in early spring and are active for about six weeks,
generally from early to mid-April until late May in New Jersey with males preceding
females by several days to a week (C. DeVan, pers. obs.), Little is known about what
triggers emergence of O. taurus, however, O. cornifrons has been shown to have
temperature dependent emergence (White et al. 2009; Ahn et al. 2014). Understanding
how these species could respond to climate change scenarios has important implications
for their management as either managed pollinators or as exotic species.
In this study, I experimentally tested the response of emergence time for O.
cornifrons and O. taurus through manipulation of the spring temperatures experienced by
a set of wild-caught bees. I hypothesized that Osmia taurus, like O. cornifrons, is
sensitive to early spring temperatures and will emerge earlier when exposed to higher
temperatures. To test this hypothesis, I manipulated the temperature experienced by
diapausing Osmia beginning in late winter/early spring and predicted that emergence
would accelerate under these experimental warming regimes. I also tested whether O.
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cornifrons and O. taurus have different emergence times. They are both active around
the same time (C. DeVan, pers. obs.), but their exact emergence timing may vary.
Mass of Osmia individuals is related to maternal provisions (Radmacher and
Strohm 2010) with males being smaller than females due to sex-based resource allocation
on the part of the mother. Eggs that become females are laid earlier and are therefore
placed at the back of the nest. Males generally are laid later and are placed towards the
front end of the nest. Bees emerge sequentially, front to back, from the nests meaning
that generally males emerge earlier (Bosch 1994). Therefore, I predicted that smaller
cocoons would be more likely to be males and to emerge earlier. I also predicted that
bees found closer to the front of the nest would be more likely to emerge earlier than bees
found farther back in the nest. Finally, I tested nest box, as a random effect, with the
assumption that each nest box could vary in micro-habitat characteristics which are
known to influence bee colonization rates (Everaars et al. 2011).

4.2 Methods

4.2.1 Collection of Study Organisms: Osmia cornifrons and O. taurus
Wooden nest boxes were placed out at Morristown National Historical Park (described in
Section 3.2) in Morristown, NJ in February 2012 at 40 locations throughout the park.
Nest boxes were 9.8 cm wide x 30.0 cm tall x 14.0 cm deep with twelve holes of 7 mm
diameter and six holes of 5 mm diameter. Holes were in two columns, with all larger
diameter holes above the smaller holes. Half of the 7 mm holes were lined with cardboard
tubes and the other half were lined with parchment paper. All 5 mm holes were also
lined with parchment paper. Nest boxes were attached approximately one meter off the
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ground, facing east-southeast, to mature trees (> 10 cm diameter at breast height) using
zip-ties (Figure 4.1).

Tree species varied. Nest boxes remained in the field until

December 2012 when they were brought into the Bunker Lab at New Jersey Institute of
Technology (NJIT) where they were placed on the roof of Colton Hall at NJIT. After one
week, they were moved into a fridge where they were stored at 4°C until placed into an
emergence treatment (see Section 4.2.3). Nest boxes were removed from the fridge for
short periods of time for censusing.

Figure 4.1 Nest box design for spring 2012 with completed nests indicated by mud filled
holes. Photo by C. DeVan.
4.2.2 Nest Box Census
Each nest box was individually censused and both nest boxes and nests were
photographed (Figure 4.2).
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Figure 4.2 Cocoons at the pupal stage from a nest that was removed from a nest box for
censusing. Photo by C. DeVan.
In each box, I counted the total number of nests (holes occupied by bee cocoons)
and noted the location of each nest in the box. The total number of cocoons per bee nest
was recorded as well as the quantity and taxa of parasites if present. Over 1100 bee
cocoons (containing un-emerged bees) from 215 randomly selected nests were weighed.
For each bee nest, at least one individual was removed for species identification and sex
determination.

The species identity of the subsampled individual was assumed to

represent the species of all individuals in the nest. Identifications were determined by C.
DeVan with confirmation of a small subset of individuals by John Ascher.

4.2.3 Emergence Experiment
Bee cocoons were temporarily placed into gel capsules labeled with a unique identifying
code based on the location where they were collected (e.g., nest box 1 – nest hole A–
cocoon position C would be 1-A-C). Cocoons from different nests and nest boxes were
mixed together and then randomly assigned to emergence treatments. Cocoons were then
removed from labeled gel capsules and placed into well-plates with one cocoon per well
(24 wells per plate). The unique identifying code of each cocoon and its position in the
emergence tray was recorded.

Emergence trays remained in storage (4°C) until
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emergence experiment began. Parasites and non-bee Hymenopteran found in nest boxes
were not included in the emergence experiment.
Four emergence treatments were utilized in this experiment, corresponding to four
different climate change scenarios for spring temperatures: 7WATT (5.0°C above
ambient temperature), 4WATT (2.78°C above ambient temperature), CONTROL
(ambient temperature) and DELAY (placed out nine days later, then kept at ambient
temperature) (Figure 4.4). These spring treatments correspond to projected average yearly
climate scenarios for the northeastern United States as modeled in Hayhoe et al. (2006):
7WATT to the maximum projected climate increase, 4WATT to the minimum projected
climate increase; CONTROL to a no warming scenario where average temperatures
remain at current levels. We also included DELAY as a scenario where warmer
temperatures arrive later in the spring than currently. The warming treatments were
created by utilizing reptile tank heaters (7 watt and 4 watt heaters respectively) in
emergence boxes (coolers outfitted with racks to hold the cocoons and an emergence tube
to allow bees to emerge). Control and delay treatments utilized the same design of
emergence boxes but without any heaters (ambient temperature).

These warming

treatments apply to spring temperatures only.
The experiment began 12 March 2013 when emergence trays were randomly
assigned a treatment and were placed into the 7WATT, 4WATT and CONTROL
treatments. Nine days later (21 March 2013) the DELAY treatment trays were brought
out of storage and placed into the CONTROL treatment boxes. Approximately 150 bee
cocoons were placed into each of the 7WATT and 4WATT treatments, 100 bee cocoons
into the DELAY treatment and 200 cocoons were placed in the control treatment. HOBO
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data loggers (Onset Computer Corporation, Bourne, MA, USA) were placed into each
emergence box to measure air temperature and humidity within the box every 15 minutes.
Emergence boxes were monitored daily around 10am (always between 7am and
1pm) for bee emergence and for evidence of secondary attacks by natural enemies. A bee
was considered emerged if the adult bee was fully outside of its cocoon or if there was
only an empty cocoon left in the tray. Emerged bees were released after emergence. At
the end of each census any empty cocoons were removed. Emergence boxes were
censused daily (except 5 April and 14 April 2013 when no observations were made) from
the beginning of the experiment (12 March 2013) until a week after the last bee emerged
(20 April 2013). In order to make sure no other individuals had emerged, boxes continued
to be checked periodically until the final census (1 June 2013). In the final census, all
remaining cocoons were brought to the lab and dissected to determine their viability. I
considered bees to be viable if when externally inspected they appeared to be fully
developed adults without obvious signs of parasites. Survival rates were based on the
number of emerged bees out of all viable bees. Parasitized cocoons and undeveloped
bees were not included in calculations of survival rates.

4.2.4 Analysis
HOBO data loggers collected temperature measurements every 15 minutes throughout
the experiment. I utilized this data to calculate daily average temperatures experienced
by bees in each treatment for each day (24-hour period). Then, to determine the
relationship between treatment and bee emergence date, I used an Analysis of Variance
(ANOVA). Additional predictor variables tested were nest box and the location of each
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cocoon in the nest and their interactions. I tested these predictors on both the control
treatment data set only and in conjunction with treatment for the entire data set.
To determine how average mass varied by sex for each species, I centered mass
and used an Analysis of Variance (ANOVA). I also tested whether nest box hole size
impacted mass of cocoons. I then tested whether either mass or species would impact
emergence timing on both the control treatment data set only and in conjunction with
treatment for the entire data set.
For all ANOVAs, I performed post-hoc analysis using Tukey’s Honest Significant
Difference (HSD) Tests. All analyses were performed using R v.3.3.1 and RStudio
v.1.0.153 (R Core Team 2012).
.
4.3 Results
4.3.1 Results of Nest Box Census
Two non-native bee species, Osmia cornifrons and O. taurus (see Section 1.6), were
found in the nest boxes, along with some Dipteran, Hymenopteran and fungal parasites
and summer nesting Hymenoptera. Of the 242 nests made by bees, 64 nests (26%) were
determined to be made by O. cornifrons and 107 nests (43%) were determined to made
by O. taurus. The remainder (69 nests) were not identified to species but were either O.
cornifrons or O. taurus.
Mass varied significantly by sex and by species, but there was no interaction
between the two (Table 4.1). Overall males were smaller than females and Osmia
cornifrons were smaller than O. taurus (Figure 4.3). Mass did not vary significantly by
hole size (F = 12.063, df = 1, p = 0.3).
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Table 4.1. Results of an ANOVA on the Influence of Sex (Male or Female) and Species
(O. cornifrons, O. taurus or unknown) on Mass
Treatment
sex

d. f.
1

F value
43.67

p value
<0.001

species

1

8.76

<0.01

sex x species

1

2.96

0.089

residuals

85

Figure 4.3 Females of both species were significantly larger than males and Osmia
taurus females were significantly larger female O. cornifrons. Males of either species did
not vary significantly in mass from all other males. This figure represents all the samples
for which I had data for both sex and species (n=91). Of these, 14 were females and the
rest (77) were males and 41 were Osmia cornifrons while 50 were O. taurus.
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4.3.2 Warming Treatments: Bee Emergence and Survival
Throughout the experiment (5 Mar to 29 May), the warming treatments had higher
average daily temperatures than the CONTROL treatment. The 7WATT treatment was
on average 5.2°C above ambient temperature, while the 4WATT treatment was on
average 2.3°C above the CONTROL (Figure 4.4).

Figure 4.4 Average daily temperature (°C) from 5 Mar to 15 May 2013 in the four
emergence treatments. Treatment temperatures indicated by different colored lines:
7WATT (+5.2°C) in blue, 4WATT (+2.3°C) in red, CONTROL (ambient) in green and
DELAY in purple). Bee emergence began on 29 Mar and ended by 19 April. Emergence
by treatment is indicated by the brackets under the x-axis, with treatment indicated by
color.
Emergence time varied significantly by treatment (F = 265.69, df = 3, p < 0.0001;
Table 4.2). Bees from the 7WATT treatment emerged first and emergence date was
significantly different from all other treatments. Bees from the 4WATT treatment were
next to emerge, followed by the CONTROL and DELAY treatments which had similar
emergence times (Table 4.3, Figure 4.5).
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Table 4.2 Results of an ANOVA on the Influence of Emergence Treatment on
Emergence Timing

Treatment
treatment

d. f.
3

residuals

538

F value
265.69

p value
<0.0001

Table 4.3 Resulting p-values for Tukey’s Honest Significant Difference (HSD) Tests
Performed on Pairs of Emergence Treatments to Determine Whether Treatments Vary by
Temperature. Significant Results are in Bold
Treatment Comparison (Tukey HSD)
7WATT – 4WATT
7WATT - CONTROL
7WATT - DELAY
4WATT - CONTROL
4WATT - DELAY
CONTROL - DELAY
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Emergence
p < 0.05
p < 0.001
p < 0.001
p = 0.09
p = 0.01
p = 0.9

Figure 4.5 Emergence dates of both Osmia cornifrons and O. taurus combined for all
emergence treatments (from top to bottom: 7WATT (+5.2°C), 4WATT (+2.3°C),
CONTROL (ambient) and DELAY treatments). All bee emergence began on 29 Mar and
ended by 19 April.
None of the predictors, mass, species, nest box or location in the nest, influenced
emergence timing for the control treatment only or for the entire data set (see Appendix
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B). Survival rates, defined as viable adults that emerged from their cocoons, were high
for all treatments (92-95%) with ten or fewer bees per treatment that did not emerge and
were found dead at the end of the experiment.

4.4 Discussion

4.4.1 Warming Treatments: Bee Emergence and Survival
My temperature treatments are similar to the projected changes in average surface
temperature for the Northeastern United States and did in fact increase the temperature by
2.3°C (4WATT) and 5.2°C (7WATT).

Warming treatments did result in earlier

emergence times for Osmia cornifrons and O. taurus. This supports my hypothesis that
these species of Osmia are phenologically sensitive and suggests that under future climate
scenarios these bees will emerge earlier in the spring. DELAY and CONTROL
experiments did not vary in emergence timing. Other studies have found that once the
minimum length of diapause has occurred, bees will emerge readily when warmed
(Krunic and Stanisavljevic 2000) and emergence will occur more quickly the longer the
overwintering period (Vicens et al. 1994). This may explain why in my experiment there
was no difference in the timing of emergence from CONTROL and DELAY treatments.
There was no effect of warming on overall survival suggesting that warmer spring
temperatures will not have an adverse effect on diapausing bees.

4.4.2 Factors Influencing Bee Emergence
None of the additional predictor variables I tested had a significant impact on bee
emergence. Even though, as expected, males were significantly smaller than females for
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both species and Osmia cornifrons was significantly smaller than O. taurus. This result
was somewhat surprising since these factors have been known to affect emergence in
other Osmia species (Bosch 1994). Emergence did occur within each treatment over a
relatively short period of time (less than two weeks), which may make detection of
emergence timing difficult. Also, my nest boxes had two different sized holes, which
could have added some noise to my data set, even though cocoon mass was not
significantly affected by nest box hole size.

4.4.3 Climate Change and Phenology
Bees are important pollinators and therefore understanding their response to projected
climate change scenarios helps us understand the potential impacts of climate change on
pollination services. My study confirms previous studies that have found other species of
Osmia to be phenologically sensitive, suggesting that with warmer spring temperatures,
many spring active Osmia species will emerge earlier. It is not clear whether floral
resources will also advance their warming at the same rate as bees. Flowering time in
plants is also affected by length of daylight, not just temperature and is species specific
(Menzel et al. 2006). If flowering times do not advance at the same rate as bee emergence
then there could be phenological mismatches resulting in population declines for both
plants and bees (Forrest and Thomson 2011). However, both O. cornifrons and O. taurus
are generalist bee species, able to utilize multiple plant species (Wilson et al. 1999,
Haider et al. 2014), which could provide some resilience in a changing climate. For
example, Bartomeus et al. (2011) did not find a phenological mismatch between 10
species of generalist spring emerging northeastern North American bees and insectpollinated plants. And a recent study found that bees with larger dietary breadth and
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smaller body sizes were less likely to have declined over the past 140 years (Bartomeus
et al. 2013a)
This study also provides evidence that many Osmia species, not just O. lignaria
(Pitts-Singer et al. 2008) and O. cornifrons (White et al. 2009) could be manipulated for
early spring crop pollination. Osmia lignaria have been shown to have geographic
variation in emergence timing when reared in a common environment (Pitts-Singer et al.
2014). This may also be true of O. taurus and O. cornifrons, for they are not native to
North America, but thriving in this new range. Both their native and introduced ranges
are fairly large, suggesting some inherent genetic variability and possibly also some
flexibility in the timing of their emergence. This study also suggests that if climate
change results in warmer temperatures at more northern latitudes, both O. cornifrons and
O. taurus, could further expand their range in both their native and their non-native
homes.

4.4.4 Future Studies
Although recent papers suggest some resiliency in the phenology of plant-pollinator
interactions under changing climate regimes (Forrest and Thomson 2011, Bartomeus et
al. 2011, Bartomeus et al. 2013b), further research is needed (Forrest 2015). Climate
change will affect the emergence of bees in different ways – winter length and winter
temperatures are also predictors of survival and spring emergence (Walinga 2016) and
should be manipulated in future studies. Studies have also shown the importance of a
short pre-wintering (fall) period for spring emerging bees to reduce critical energy/mass
loss during diapause (Bosch and Kemp 2004, Bosch et al. 2010, Sgolastra et al. 2012).
Without this period of cooling before over-wintering, higher rates of mortality during
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winter occur (Torchio et al. 1987, Sgolastra et al. 2011). This is likely because if bees
do not experience a cooler pre-wintering period or are exposed to higher temperatures
while overwintering, bees remain metabolically active and can use up important energy
stores that are required to make it through winter diapause.

In fact, earlier spring

emergence and shorter periods of diapause are one potential response of Osmia species
that have been exposed to warmer fall and winter temperatures (Bosch and Kemp 2003,
Sgolastra et al. 2011, Waling 2016).
It is also critical to know what happens to bees after they emerge. It may be that
bees emerging earlier do not have as high a rate of survival post-emergence or their
reproductive success may be reduced, due to either lack of floral resources or higher
physiological stress. This is especially possible if springs aren’t just warmer, but rather
are more variable in their high and low temperatures (Bosch et al. 2006). Although earlier
emergence may reduce parasite load if parasites emerge later (Wcislo et al. 1994).
Osmia cornifrons and O. taurus are quickly expanding their range in the United
States. The jury is still out on what impacts they have on local bee and plant
communities, but this study has important implications for the population growth of these
species in a warming world. A better understanding of their emergence patterns allows
better management of these species, whether for pollination services or to minimizes any
harmful impacts caused by their introduction to a new ecological community.
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CHAPTER 5
SYNTHESIS AND CONCLUSIONS

Bees and other pollinators are critical for the continued survival of plants in both natural
and man-made ecosystems. Diverse pollinator communities have been shown to increase
richness in plant communities and plant reproduction depends upon pollinator community
composition (National Research Council 2006, Klein et al. 2007, Ollerton et al. 2011,
Thomann et al. 2013). Yet there is growing concern that pollinators, especially bees, are
declining globally (Potts et al. 2010, Vanbergen et al. 2013, Goulson et al. 2015). This
dissertation evaluates potential mechanisms responsible for bee and pollinator
community composition in order to promote pollinator conservation in natural systems
and their restoration in human-dominated urban and agricultural landscapes.
Previous work has found evidence of floral resources structuring pollinator
communities and controlling pollinator population dynamics (Potts et al. 2003, Roulston
and Goodell 2011). My meta-analysis confirmed these previous studies as I found strong
positive correlations between plant and pollinator diversity and abundance across all
major terrestrial ecosystems. These results suggest that flowering plants could be used as
surrogates for pollinators in conservation plans, although the effectiveness of this strategy
would vary by biome. Impacts of sampling methodology used to determine effectiveness
of any conservation or restoration strategies should also be considered. Direct
experimental tests of any restoration or conservation interventions are also still needed as
even strong correlations do not prove causal mechanisms.
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Bee populations are impacted directly not just by floral resources, but also by
nesting resources and risk, primarily from natural enemies (Roulston and Goodell 2011).
Bees are also indirectly affected by abiotic factors, like climate, that influence both their
behavior and the resources available. My work on Osmia cornfirons and O. taurus
confirm that nesting resources and climate can influence bee populations. I found that
usage of artificial nesting substrate by these bees is affected by the design of nest boxes,
especially cavity hole size and density of neighboring cavities. I also found that both of
these species are phenologically sensitive and therefore may be affected by warmer
spring temperatures caused by climate change. This information is useful whether O.
cornifrons and O. taurus need to be managed for their pollination services or to reduce
their impacts as non-native species.
In conclusion, the scientific investigations in this dissertation have shown that
generally plant diversity and abundance correlates with pollinator diversity and
abundance across the world in at a global scale, with some variation in the strength of this
relationship based on biome and sampling method. These investigations also show that
management of two cavity-nesting bees, Osmia cornifrons and O. taurus, for pollination
or as non-native species can be done through artificial nesting substrate and manipulating
their spring temperatures.
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APPENDIX A
List of studies utilized in the meta-correlation analyses of plant and pollinator richness (R) and/or
in the meta-correlation analyses of plant and pollinator abundance (A).
Gikungu 2006 (R)
Grass et al. 2013 (R, A)
Grill et al. 2005 (R)
Haenke et al. 2009 (A)
Hagen and Kraemer 2010 (R, A)
Hannon and Sisk 2009 (R)
Hanula and Horn 2011
Hauck et al. 2014 (R)
Hegland and Boeke 2006 (R)
Heithaus 1974 (R)
Hendrix et al. 2010 (R, A)
Henning and Ghazoul (A)
Holl 1996 (R, A)
Holzschuh et al. 2007 (R)
Holzschuh et al. 2011 (R)
Holzschuh et al. 2012 (A)
Hopwood 2008 (R, A)
Horner-Devine et al. 2003 (R, A)
Hudewenz et al. 2012 (R)
Hudson et al. 2013 (A)
Kaiser-Bunbury et al. 2011 (R)
Kitahara and Watanabe 2003 (R)
Kitahara 2004 (R)
Kitahara et al. 2008 (R)
Kivinen et al. 2006 (R)
Kleijn and van Langevelde 2006 (A)
Kleijn et al. 2004 (R)
Kleintjes et al. 2004 (R, A)
Knop et al. 2006 (R)
Koch et al. 2013 (R, A)
Kohler et al. 2007 (R, A)
Kremen 1992 (R)
Kunte et al. 1999 (R, A)
Kuussaari et al. 2011 (R)
Locatelli and Machado 2000 (R)
Love 2010 (R, A)
Lowenstein et al. 2014 (R, A)
Loyola and Martins 2008 (A)
Maccherini et al. 2009 (R)
Mandelik et al. 2012 (R, A)
Marini et al. 2009 (R)

Abrahamczyk and Kessler 2010 (R, A)
Abrahamczyk et al. 2011(R)
Albrecht et al. 2007a (R)
Albrecht et al. 2007b (R, A)
Albrecht et al. 2010a (R)
Albrecht et al. 2010b (R)
Albrecht et al. 2014 (R)
Anderson et al. 2014
Bartomeus et al. 2008 (R)
Bartomeus et al. 2010 (R)
Batary et al. 2010 (R)
Benadi et al. 2014 (R)
Bhardwaj et al. 2012 (R, A)
Blaauw and Isaacs 2014 (R)
Bock et al. 2007 (R, A)
Brehm et al. 2007 (R)
Brosi et al. 2007 (R, A)
Brosi et al. 2008 (R, A)
Carper et al. 2014 (R, A)
Carstensen et al. 2014 (R)
Carvell 2002 (R, A)
Castro-Urgal and Traveset 2014 (R)
Castro-Urgal et al. 2012 (R)
Chamberlain et al. 2014 (R)
Chettri 2010 (R)
Chmura et al. 2013 (R, A)
Cremene et al. 2005 (R)
Croxton et al. 2005 (R)
Dallimer et al. 2012 (R)
Dauber et al. 2003 (R)
Devoto et al. 2005 (R)
Ebeling et al. 2008 (R)
Ebeling et al. 2012 (R)
Ekroos et al. 2008 (A)
Ekroos et al. 2013 (R)
Fang and Huang 2012 (R)
Forup and Memmott 2005 (R, A)
Forup et al. 2008 (R)
Fründ et al. 2010 (R)
Gathmann et al. 1994 (R)
Gibson et al. 2011 (R)
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APPENDIX A
(CONTINUED)
Marrero et al. 2014 (R)
McIntyre and Hostetler 2001 (R)
Mello et al. 2011 (R)
Meng et al. 2012 (R)
Meyer et al. 2009 (R, A)
Moldenke 1975 (R, A)
Morandin and Kremen 2013 (A)
Munguira and Thomas 1992 (A)
Myers et al. 2012 (R, A)
Nielsen and Totland 2014 (R)
Noordiijk et al. 2009 (A)
Ochoa-Hueso et al. 2014 (A)
Ockinger and Smith 2006 (R, A)
Ockinger and Smith 2007 (R, A)
Ockinger et al. 2006 (R)
Osborn et al. 1999 (R)
Popic et al. 2013 (R, A)
Potts et al. 2000 (R, A)
Potts et al. 2003a (R, A)
Potts et al. 2003b (R, A)
Potts et al. 2004 (R)
Potts et al. 2006 (R)
Power and Stout 2011 (R, A)
Proches and Cowling 2006 (R)
Pryke and Samways 2003 (R, A)
Redpath-Downing et al. 2013 (A)
Reed 1993 (R)
Richards et al. 2011 (A)
Rickert et al. 2012 (R, A)
Romey et al. 2007 (R, A)
Rutgers-Kelly and Richards 2013 (R, A)
Saarinen et al. 2005 (R, A)
Sajjad and Saeed 2010 (A)

Santi et al. 2010 (R)
Santos et al. 2012 (R)
Sarospataki et al. 2009 (R, A)
Scherber et al. 2010 (R)
Schulze et al. 2004 (R)
Schwartz et al. 2013 (R)
Shuey et al. 2012 (R)
Simonson et al. 2001 (R)
Sjodin et al. 2008 (A)
Smith et al. 2008 (R)
Steffan-Dewenter and Tscharntke 1997 (R)
Steffan-Dewenter and Tscharntke 2000 (A)
Steffan-Dewenter and Tscharntke 2001 (R,A)
Stout and Casey 2014 (R)
Sutherland et al. 2001 (A)
Syndenham et al. 2014 (R, A)
Taki et al. 2008 (R)
Taki et al. 2010 (R, A)
Tarrant et al. 2013 (R)
Tepedino and Stanton 1981 (R)
Torné-Noguera et al. 2014 (R, A)
Traveset et al. 2013 (R)
Tscharntke et al. 1998 (R)
Tylianakis et al. 2006 (R)
Usher and Keiller 1998 (R)
Vazquez and Aizen 2003 (R)
Vessby et al. 2002 (R)
Weibull et al. 2003 (R)
Werling et al. 2014 (R)
Williams et al. 2011 (R, A)
Yamamoto et al. 2007 (R, A)
Yamaura et al. 2012 (R, A)
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APPENDIX B
Results of ANOVAs on the influence of predictors on the emergence timing of Osmia bees from
the CONTROL treatment data set. Predictors were also analyzed for their influence on Osmia
bee emergence for the entire data set, but were not significant, data not shown.
Table B.1 Results of an ANOVA on the influence of sex (male or female) and species (O.
cornifrons, O. taurus or unknown) on emergence timing of the control data set
Predictors
species
mass
mass x species
residuals

d. f.
1
1
1
4

F value
0.1067
0.6801
0.0144

p value
0.7603
0.4559
0.9102

Table B.2 Results of an ANOVA on the influence of nest box and location in the nest (i.e. nest
cell) on emergence timing of the control data set
Predictors
nest cell
nest box
nest cell x nest box
residuals

d. f.
10
29
88
60
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F value
0.7014
1.2259
1.1065

p value
0.7193
0.2491
0.3410
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